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Compounds that ylelded NH?, werp oxygen free, and decomposed exothermi-
cally, ﬂere—downns::atad_gntﬁaﬁi a significant effect upon the decompo-~
sition of HMX via an exothermic gas-phase reduction of NO (a decomposi-
tion product of HMX): This effect was caused by the formation of

amidogen (NH") radicals from the generated NHIL

Pyrolysis studies performed on various azide compounds showed that the
azidé moiety increased the burn rate of primarily by a thermal
effect due to the decomposing azide functidnality.

, &,
~it also was shown that Q‘éiose matching of the decomposition temperatures
of HMX and the additive was required to enhance the chemical and/or
thermal interactions between the gaseous decomposition productgf

- Attempts to incorporate the azide group into the HMX structure were

successful. means of a multistep synthesis sequence, the compound
1-azidomethyl-3,5,7-trinitro-1,3,5 7-tetrazacyclooetane was prepared,
Pyrolysis of this compound, however, demonstrated that she mode of its
decomposition was altered significantly from that of HMX..>Its incor-
poration in propellants containing HMX did not result in an enhanced

burn rate. g
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SUMKARY

HMX decomposition studies performed under this contract have focused on the
covalent bond-breaking processes occurring in the later stages of HMX decom-
position in the liquid and gas phases. Emphasis was placed cn a quantitative
determination of gas-phase species from HMX decomposition using isotopically
labeled (le) and unlabcled materials at high heating rates (850 C per
second) under a helium atmnsphere. Changes in the gas-phase product distri-
butions from HMX decompcstion in a low (~300 C) and high (~800 C) temper-
ature regicn led to an understanding of the changing and competitive covalent
bond-breaking processes occurring as the decomposition temperature increased.
In eddition, the detailed study of the interactive chemistry between erer-
getic additives with HMX and correlation with propellent burn rate data has
resulted in a better understanding of those processes that lead to an

increased burmn rate.

The thermal decomposition of HMX in the low-temperature region just above its
liquefaction region (~300 C) proceeds primarily by C-N bond breaking, which
results in high NZO and CH20 yields. In the high-temperature region
(~800 C), N-N bond scission is faster than C-N bond breaking, and NO is
formed in high yields. Gus-phase reduction of NO by NH2 intermediates
appears to play a key role in modifying HMX combustion. Tracer studies per-
formed with ring NIS labeled material have shown that the NO is reduced to
N and H,_O by NH3 genereted from the decomposition of bistriamino-

2 2
guanidinium azobitetrazole (TAGZT).

Compounds that ere high in NH3 or TAG content do not yield high concentra-
tions of NH3 decomposition products unless they are oxygen free. Also,
compounds that appecr to explode upon decomposition (such as DAZT) are not
effective NH3 generators despite their high initial NH3 content.

Propellants containing TAGZT and the energetic plasticizer TMETN (—ONOZ)
yielded the same relative increase in burning rate (~150%) as those that
included the inert (triacetin) plasticizer. These results indicate that the
NH3 decomposition products are interacting primarily with the HMX products

rather than the binder components.
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Additional NH3 generators were studied via high-temperature pyrolysis and
burning rate experiments. The concentration of the NH3 generated, the
temperature of generation, and the physical procexs of generation were found

to be the key factors in the overall effectiveness in accelerating the

burning rate.

A critical pearameter, the relative particle size of the nitramine to the
NH3 generating compound, was defined, which is related to the diffugional

fleme characteristics. The efficiency of the NH. + NO reaction optimizes

2
over a narrow temperature region (~1100 -+ 1300 K) and the reaction is

very sensitive to the concentration of a variety of active species.

Substitution and coprecipitation of azide nitramines (such as DATH) defi-
nitely accelerate the burrning rate, but it appears to be via an "additive"

niechanism rather than en interaction process.

The energetic compound triaminoguanidinium-5-aminotetrazole (TAG+SAT) was
observed to generate high yields of NH3 on decomposition at 800 C. How-
ever, this compound wes shown to burn at ambient pressure with liquefaction
and an overall cooling effect, which is probably due to Lhe excess Nﬂa
genersted. Pyrolysis decomposition studies of HMK in the presence of
TAG-5AT at 800 C indicated a reduced degree of NO reduction by NH2 inter-
mediates es compared to TAGzT. 1In addition, an increase in N20 yield from
HMX-TAG*5AT decomposition is indicative of a contributing "cooling" affect
from TAG-5AT. As expected, smaller changes in HMK-TAG+SAT propellant

burn rate were encountered.

From pyrolysis decomposition studies, it has been shown that the well-known
energetic compound triaminoguanidine nitrate {TAGN) undergoes exothermic NO
reduction to N2 by NH2 intermediates generated from TAGN itself, Thus,
the reported increase in HMX burn rate by the addition of TAGN is due pri-
marily to an "additive" effect. A secondary process of NO reduction in the
TAGN system is controlled by dJdiffusional flame phenomena, which is coupled

via particle-gsize ratios.
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decomposition studies performed on 98 weight percent HMX admixed

Pyrolysis
at 800 C showed a dramatic change in

with 2 weight percent LiN3 or NsN3
the HMX decomposition mechanism. Although both LiN3 and NaN3 appear to
display a catalytic effect in altering the HMX decomposition mechanism, sig-
nificant changes in HMX oropellant burn rates were not encountered. Intimate

contact is believed to be lost between the active catalyst intermediates

LiN3 or NaN_ in propellant mixes.

3

The thermal decomposition of RDX proceeds in an identical fashion as HMX at

~800 C with NaNO2 bond scission being faster than C-N bond scission,

which results in high NO yields. However, in the tempersture region just

above the 1liquefaction of RDX (~220 C), gas phase product distributions

from RDX indicate a faster rate of RDX liquefaction to gasification. RDX
(with conparable C-N and N-NO_ bond scission) just

2
70% pyrolysis for HMX (with

undergoes 90% pyrolysis

above the 1liquefaction region versus only

predominant C-N bond scizsion).

which generates

alter the

The Werner-diammoniumdiazido complex [Cu(NHB)Z(NS)zl'
significant NH3 on decomposition, was shown to significantly
decomposition mechanism of RDX at the 5 weight percent level, but had little
influence on the HMX de-~omposition mechanism. [Cu(NH3)2(N3)21 under-
goes violent deromposition at 210 C, which is much closer to the DX decom-
position temperature of 201 C, allowing for a greater thermal and/or chemical

interaction than that of HMX undergoing decomposition at 280 C.

Synthesis of the novel HMX derivative l-azidomethyl-3,5,7-trinitro-1,3,5,7-
tetrazacyclooctane (AZMTTC) is reported. Pyrolysis decomposition studies
conducted on AZMTTC showed that its decomposition mechanism is significantly
different from that of HMX. Carbon-nitrogen bonrd scission predominates
during the decomposition of AZMITC from ~300 to ~800 C, which results in
high Nzﬂ and CH20 yields. This mode of decomposition is not conducive to
increusing burn rates as a result of reduced bond scission and the nature of
the gas-phase components generated. It is believed that struciural symemetry
ot the HMX derivative must be maintained to arrive at comparable rates of C-N

and N—NOZ bond scission aleng with gas-phase components, which will

generate increased exothermic gas-phase reactions.




The unsuccessful attempts at the synthesis of a structurally symmetrical HMX
derivative from the recently reported HMX precursor !\ DN are reported. In
addition, attempts to synthesize other unsymmetrical HMX derivatives via
nov~l synthetic procedures used in the synthesis of AZMTTC are described.

The burning rate acceleration of HKMX-based propellants wes achieved most
readily with amidogen radical gonerators, especially TAGZT. The magnitude of
augmentation of the HMX propellants is virtuelly the same regardless of the
type of plasticizer employed, except for the NF type (TVOPA). This suggests
a higher rate of (interaction between the NH2 and NF2 radicals in a

"pseudocatalytic"” manner.

The burning rate acceleration of RDX-based propellants followed similar
trends to the HMX systems except at low pressures (<3.45 MPa). In the
low-pressure region, the RDX systems burned 20 to 80% faster than the HMX
analog. This is attributed to the fact that the NH radical generating ingre-
dients decompose at a temperature closer to the decomposition point of RDX
rather than HMX, thereby promoting a higher level of interaction. As the
pressure is increased, the diffusional flame is compressed and similar

acceleration would be expected.

The "mismatching” of the nitramine (KMX and RDX) and amidogen generator
particle sizes appears to be the most important factor in accelerating the
rate. Utilization of small additive particle sizes with large nitramine

particles results in better diffusional mixing of the reactive gases.
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SECTIOKN 1
OBJECTIVE

The objective of this research program was (o increase the burning rate of
cyclic nitramines (HMX and RDX) via (1) chemical doping, (2) structural modi-
fication, and (3) the addition of modiflers that generated reactive inter-
medistes. Primary emphasis was placed on the incorporation of azido (—N3)
moievier and uwddition of ipgredients for amicogen (—NHZ) radical gener. .
tion. Pyrolysis studies were conducted at rapid heating cates wilh ard
without isotopicalily (le) labeled materialc as the primary screering tool
for measuring the effectiveness of these approdches and guiding the

formulation of experimentul propellants.
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SECTION 2
INTRODUCTION

The utilization of HMX and RDX in solid and gun propellant applications is
increasing rapidly. In the solid propellant arena, the desire for reduced
smoke (signature) has eliminated ammonium perchlorate (AP} from consideration
in 3 wide vaLiety -f applicetion. Por gun _ropellaints, the desire Ffo:
increased mass imretus at reduced flame tenmperatures has resulted in the
blandiag of h¥X and RDX with selected high-hydrugen conkent oxidizers such es

triaminoguanidine nitrate (TAGK) in extruded nitrocellulose binder systems.

However, both HMX and RDX have low burning rates et low pressures (<14
MPa). This is coupled with high exponent problems, especially in the gun
propellant area, for pressures up to 425 MPa. The gun propellant problem cen
be alleviated to a great degree by proper selection of alternate secondary
oxidizers, grinding of the nitramine to small particle size (>5u), and
through judicious grain design. This freedom is not totally availatle to the
solid propellant designer since his systems require excellent physical pro-
perties and must be cast instead of solvent extruded. It is imperative that
methods for accelerating the burning rate of HMX and RDX and controlling the
exponent be developed to ensure the solid propellant grain designer adequate

freedom in meeting advanced applications while maintaining the energy level

of the system.

The aforementioned objectives of this research program were deemed to be a

unique approach to delineating the problems faced by the propellant community.
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SECTION 3
DECOMPOSITION EXPERIMENTS

HMX DECOMPCSITION MECHANTSMS .- AN OVERVIEW

There is voluminous literature on studies of the thermal decomposition of HMX
with evidence to support the cleavage of every covalent bond including the
C-N bond, the N~-~N02 bond, tne N-O bond, and the C-H bond, with conclusions
suggesting each of these as a likeiy initial and/or rate-controlling intra-
mojecular process. Kecently, evidence has been given to support the conclu-
sions that the electrostatic intermolecular attractions between structurelly
intact HMX molecules is the initial rate-controlling process and predom-
inantly controls the rate of solid and liquid HMX decomposition (Ref. 1).
This novel conclusion <contrasts with all previous interpretations of
condensed-phase HMX decomposition kinetics, which assumed that Intremolecular
covalent bond breaking within the HMX molecule controls the decomposition
kinetics. However, these investigetors also concluded that the covalent
bond-breaking processes described by others were occurring likely in the same
time frame as the breakdown of intermolecular electrostatic forces, but they

were not necessarily rate determining.

Other recent studies, using deuterium isotope effects with HME, have shown
C-H covalent hond cleavage to be a rate-controlling intramoleculsr process in
the solid phase, but C-H bond contraction occurring in a mixed solid-liquid

phase (Ref. 2).

The presence of N02 radical species in solid-phase HMX has been demon.-
strated recently by mechanical methods or irradiation and contributes to the
list of potentially reactive species in the early stages of HMX decomposition

{Ref. 3).

Many HMK decomposition mechan:sms have been inferred from gas—-phase species
that could have originated in a combination of solid, liquid, and gas phases
of HMX decomposition with the false assumption that the analysis is conducted
in one phase. The simultaneous occurrence o’ these various intermolecular

and intramolecular processes in the solid, liquid, and gas phase within a

fons 4 :‘
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relatively short time frame enables one to appreciate the unique and vastly
complex nature of HMX ¢~rcomposition (an overall decompcsition uchematic is
given in Table 1). In addition, an understanding of thera processes allows
one to realize the experimental difficulty in obtaining a homogensous or
reproducible HMX sample during thermel dscomposition studisaa. “hus, the
chemistry associated with HMX decompcsition is occurring in e neterogeneous
system and ~are must be taken to adequately describe experimental p:.o:zodures
and sampling techniques. Furthermore, conclusions thet isolate one molecular
process as controlling the multistep complex HML decomposition mecharism thet

involves a number of molecular processes occurring almost simulteneously must
be avoided.

EXPERIMENTAL DETAILS

Product distributions from the thermsl decomposition ¢f unlabeled, ring le
labeled and total le labeled HEMX, and candidete additives for modifying
the decompusition cheracteristice of JMX were investigated usiug a Chemical
Data Systems Series 100 pyrolysis unit interfaced with a Hewlett-Packard
5840A gas chromatograph and Inficor 1Q200 quadrupcle mass spectrometer
(Fig. 1). Samples (0.5 to 1.5 millizrams) of these materials were weighed
accurately within a thin-walled quartz tube, which was placed within &
platinum c¢oil pyrolysis probe and inserted into a heated gar chromo-
tographic interface under 2 atm helium back pressura. The camples were pyrec-
lyzed at a maximum heating rate of approximately 85C C per second aud held
for 10 seconds at tempereture in all experiments. Upon pyrolysis, the gasgeous

) ' ,CO,NH,C oo ’ ; M =
products (H2 NZ' kO s Hq' H2 NHS' CO2 N_O, CH_0O, HCN, and CH2

CHZ) were sepacatod in the order given or. a 6-foot ;; O.1§S—inch stainleas-
steel columa psacked with Carbosieve §, 120-140 mesh (Supelco Inc.). Other
pertinent gas chromatographkic operating procediires are given in Table 2. Trhe
experimental setup also allowed for injection of the separated gaseous
species into the mass spectrometer for a determination of the mase fragments-
tion patterns of the labeied and unlebele« gas-phase species. Quantitative
calibrations were performed on control sampies of all gases3, and their idem-
tification was confirmed by introduction ¢ rhe gares into the mess spectro-
meter. All tabulated data are the result >f rep.icate experiments conducted
under identical experimental conditions.

o
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PYROLYS 1S SR

UNIT wimimm i —em - CHROMATOGRAPH e — L SPECTROMETER e e

‘!ﬁ

GAS e MAG S ViDEO

COPIER |

b CHEMICAL DATA SYSTEMS SERIES 100 PYROLYSITS UNIT WITH EXTENDED PROGRAM

[T HEWLETT PACKARD MODEL 5840A GAL CHROMATOGRAPH WiTH THERMAL CONDUCTIVITY DETECTOR

. INFICON 10200 QUADRUPILE MASS SPECTROMETER

IV. iNFICON [M-2 MEMORY COPIER B

Figure 1. Experimental Apparatus for Pyrolysis Studies j

TABLE 2. GAS CHROMATOGRAPHIC OPERATING CONDITIONS FOR
SEPARATION OF GAS-PHASR DECOMFOSITION PRODUCTS

COLUMN

PYROLYSIS INTERFACE
TEMPERATURE
TEMPERATURE PROGRAM
THERMAL CONDUCTIVITY
DETECTOR TEMPERATURE
ATTENUATION

HELTUM FLOW

6-FOOT BY 0.125-INCH STAINLESS-STEEL PACKED WITH
CARBOSIEVE S, 120-MESH (SUPELCO INC.)

140 C

ISOTHERMAL 35 C FOR 4 MINUTES; THEN 20 C /ER
MINUTES TO 175 C FOR 20 MINUTES

260 C

]
50 MILLILITERS PER MINUTE

HY

ENREAS fast



Yocuum pyrolysie esperiments were carried out on unlebeled and le labeled
(ring and total nitrogen) HMK. The wsamples were pyrolyzed under ©.03 mm
vacuum end the decomposition products injected directly into the mass spec-
trometer throwgh o molecular lesk into the lonizing chember with all surfaces
preheated to 140 C. Mess fregmentation patterns end relative intensities for
all m/e valuos were recerded then. In the guedrupole mass spectrometer, the
prrolysis products are bomdarded by a current of 70 eV electrons giving risze
to pesitively charged lome. A spectrum is produced by sweeping the quad:upole
filter over the desired m/e range (0 to 200).

WuX_(Ring ¥'> Labeled) Recompoeition

Semples of ring !15 lsbeled HMX were pyrolyzed juest above its melt region

(~300 C) wunder 2 atm of helium. Under these conditions, the predominant
gascous product formed in the early stages of HMX decomposition was nitrous
oxide (lzo) in an amount eguivelent to 51 mole percent (m/o0) of the totsal
HEK =itrogenm. The identity and amounts of the other pyrolysis gases formed
are u—wind in Table 3. Thess comditions resulted in the pyrolysis of

appraoximetely 70 w/o of the samples.

Mass spectrometric ecalyces of the separated product gases provided informs-
tion relative to the isotopic labeling of the nitrogen-contairing products
(Table &), I‘h‘.“u-b results clesrly demonstrated the two principal nitrogen

species, uzo and '2' to be predominently llsﬂl‘o snd NISN“. Thus, formation
of lzo and .2 does not involve u—noz bond claevage under these
conditions,

The third nitrogen-containing geseous product, NO, was principally n“o.

which suggosts that it was derived primerily from tho‘ -uo2 group. Hydrogen
cyanide, NCH, was wnot formed under theaan conditions, which implies e rate-
controlling process (Ref. 4).

oo 2o e
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TABLE 3. GASEOUS PRODUCT DISTRIBUTION FROM
PYROLYSIS OF HMX (RING N15 LABBLED)
(~300 C, 10 SECONDS, 2 ATM HELIUMX)

WETGHT PERCENT] MOLT PERCINT | MOLT PTRUINT
I'RULUL YILLD YILLD TROM N YILLD FROM C
N, 10 26
NU 15 18
N20 31 51
NH3 1 2
HCN G 0 0
CQ 5 13
¢o, 11 19
th,0 1 28
('”13 1 5
it 0
¢
“20 9 -
94 97 6%
*SAMPLE WAS 70% PYROLYZED.

TABLE 4. LABELED GASEOUS PRODUCT DISTRIBUTION FOR HMX
(RING N13) PYROLYSIS (~300 C, 1C SECONDS, 2 ATM HELIUM®)

RELATIVE |{MOLE PERCENT | MOLE PERCENT
LABELED | MASS | PERCENT |CONTRIBUTION | YIELD BASED
PRODUCT NO. | INTENSITY | FROM TOTAL N | ON TOTAL N
MRS 28 0 0
1O pTé 29 95 25 26
RN 30 5 !
x40 30 90 6|
' 8
N'Ooo 3 10 ) f
v a6 C 0 )
TR 45 95 ! 5( 51
TN w || : ,
we N4 27 0 ! - |
15 | o !
HC N ® 0 ; |
i ————
«SAMPLE WAS 70' PYROLYZED
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Samples of the ring le labeled HMX also were pyrolyzed at high temperature
(~800 C) under 2 atm of helium. Under these cenditions, NO was the prin-

cipal gaseous product and accounted for 42 m/o of the total HMX nitrogen
(Table S). The other two major nitrogen-containing gaseous products were

N2 (21 m/0) and N,0 (18 m/o). The pyrolysis of HMX at 800 C wag near
4
quantitative.

TABLE 5. GASEOUS PRODUCT DISTRIBUTION FROM HMX (RING N15)
PYROLYSIS (~800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCT YIELD YIELD FROM N | YIELD FROM C
21
N2 8
MO 35 42
N20 11 18
NH3 0 0
HCN 13 17 35
co 12 32
¢o, 11 19
0
CH20 0
CH 1 5 !
’ ?
H2 1 |
H,0 10
i00 93 36 J

Based on the results summarized in Tables 3 and 5, the major differences
observed for the amounts of tje nitrogen-containing product gases formed a*

~300 versus ~800 C were as fo_lows:

1. The formation or N_U decreasea s.ganificantly at the higher
L4
temperature
2. The amount of NO formed at ~800 C was grea.ec

2T T T N L




3. A slight decrease was obrerved in the N2 yield
4, A egignificent amount of HCN wes formed at tho hixher temperature

5. No NH

5 Was observed at the higher pyrulysis temperature

A similar comparison of the carbon-containing product geses indicates the

following with increased temperature:

1. An increase in the amount of CO
2. A daecrease in the yield of CH20 from 28 to 0 m/o0
3. Virtuelly no change in the amounts of Co2 and CH4

Mass

summarized

dominantly N "N~ O

spectrometric
irn Table 6.

15,14

analyses
The isctoplic ccmpositions of N

of

14

and N O,

at the lower temperature.

a8 Wwarg

The

observed for the

isotopic composition of the N

2

2

the product geases obtained at

pyrolysis

~800 T

of

are

O and NO were pre-

HMX

ga8 was some-

1414

what different than previously observed in that the amounts of N N

15
N 15

N were

higher.

The

major

amount

of HCN was

15

which supports the conclusion that it was formed from ring lebeled N .

TABLE 6.

LABELED GASEOUS PRODUCT DISTRIBUTION FROM HMX

(RING N19) PYROLYSIS (~800 C, 10 SECONDS, 2 ATM HELIUM)

( RELATIVE | MOLL PERCENT | MOLE PERCENT
LABELED MASS | PERCENT CONTRIBUTION | YILLD BASLD
PRODUCT NO. | INTENSITY | FROM TOTAL N | ON TOTAL N

N A=n14 28 15 3 I

! ey 29 75 16 21 |
ST 30 10 2 ‘ !
N0 30 %0 2 .

N'9-g 3 19 s QL

NAn g 4 3 C oo

IR 4: 55 PR 18 i
N1O-ntBan a6 { 5 | s i
=Nt 27 15 roN ‘ |
He=n 28 35 5 ) ’ ‘

- b —

and
15

comprised of N °,




§§gpndar1,N20 Gas-Phase Reaction Considerations

Explanations were sought for the observed differences in the N20 and NO
yields as a function of increasing temperature. The observed increased NO
yield, for example, might be due to secondary gas-phase reactions of NZO'

A possible N20 gas-phase reaction is (Ref. 5):

Nzo + 0 » 2NO Ea = 24 kcal/mole

14
This should give equal parts of Nlao and leo from the observed NISN 0.

However, since 90% of the recovered NGO at high temperature was Nlao, this
reaction dces not appear to be a predominsnt one. A more likely explanation
for the higher yield of NO is based on the previously reported work of
Axworthy et al. (Ref. 4), who showed that NO wes formed predominantly from

HMX primary pyrolysis processes and not by secondary gas-phase reactions.

Nitrous oxide also is known to undergo the following reactions leeding to

N2 formation (Ref. 5).

N20 + 0 4+ N2 + O2 Ea = 0.5 kcal/mole

N,C + CO > N, + CO E = 17 kcai/mole
2 2 2 a

NO+M>N_+0+M E = 51 kcal/mole
2 2 a

(where M is an inert species)

. . 5 .14 15 14

These reactions would ¢give N1 N from N N C Thus, the obgerved
15 14 .

NN may have resu.ted from secondary N20 reactioas However, since

the N2 yield decreased only slightly with increasing temperature, the large

NZO decrease cannot be accounted for totally by such secondary reactions.

Finally, reactions of NZO witr carbon species that might result in the

formation of HCN are unlikely.




The observed experimental results for the NO and N20 yieldes versus pyrecly-
sis temperature are in agreement with the work of Axworthy (Ref. 4). The
conclusions are that the yielda are the result of primary pyrolysis procezsre:
and not secondary ges-phase reactions. 1In separate experiments performsd on
the pyrolysis of RDX, it was found that the yields of N20 and CH20 were
only half those from HMX and that the NO yields were greater st temperatures

below 800 C.

Since the NZO and NO yields are due to primary pyrolysis procesgeg, the

larger Nzo and CH20 yields from HMX imply & weaker C--N pond strength
(greater ring strain) than that of RDX. This is in agreement with the calcu-
lated thermodynamic estimates made by Shaw and Walter (Ref. 6). Thus, from
the data obtained here and those previously mentioned, C-N bond breaking in
HMX occurs to a greater extent than N~N02 bond cleavsge near the melt
region. As the temperature is increased, the N—NO2 bond scission proceeds
at a faster rate than C-N bond rupture, which results in greater MO yields.

Although the current work indicates that Nzo and N2 form without rupture
of the N«Noz bond, the conclusion that the initiation step cennot involve
cleavage of the N—NO2 bond is unwarranted. This would be true only if all
of the nitrogen atoms in the parent HMX molecule ended up as N2O and Nz.
Based on the experimental results, this is not the case since 18 m/o NO wes
recovered just above the melt region of HMX. Therefore, the initial step
could be a rupture of the N—NO2 bond leading to nitrogen dioxide (NOz) or
nitrous acid (HONO) elimination followed by NO formation from these unstable

species.

Vacuum Decomposition ol Isctopically Labeled and Unlebeled HMX

The decomposition mechanism of le labeled and unlabeled HMX was investi-
gated further at -800 C (10 seconds) under vacuum (0.03 mm) The pyrolysis
gases were injected directly into tha mass spectrometer to determine al.
gaseous species initially formed. TIhe resulting mass fragmentation potterns

were quiite complex (Tables 7 througk 3). Therefore, a theoretical analysis




TABLE 7. MASS FRAGMENTATION PATTERN FOR GASEOUS PRODUCTS
FROM HMX PYROLYSIS (~800 C, 10 SECONDS, ©.03 nw)

T
RELATIVE INTENSTTY
my/ e POSSTBLL SPEOTES CTHLORETICAL)
i 1 25
N b 33
P ( 7 (6)
I3 CH 3 ()
14 N, (h, 18 ey
16 NH, CH 19 (3)
16 Uy NI 15 (9)
17 (H, NH . 40 (9)
14 H. 70 (36)
I T ! (0.3)
‘ ntt 1 (0)
at O 6 (6)
7 i & {39)
s T R T a0 (72)
Y N O 24 {(0.3)
30 UL CHLO 100 (100)
il UL, a (3 |
Y CNUH ] (0)
du RN CREL, o NCN | (0)
a1 NOCHE NG (v
Je cot RN T N NG 4 (L)
43 HOUN S NCH N ; 6 (o)
44 MLy GG ' 100 (be)
44 HUNG i 6.3
! At NG c (05
l L | ]

[
~1




TABLE 8. MASS FRAGMENTATION PATTERN FOR CASEOUS PRODUCTS FROK HMX
(RING N15) PYROLYSIS (~800 C, 10 SKCONDS, 0.03 mm)
Wy o POSSIBLE SPECIES RELATIVE INTENSITY
] H 18
‘ H, 25
12 C 4
13 UK |
14 N, CH, 8
1 N CHy, Ni 3
e
1o 0, N'°H 10
17 on, WU2H M 23
[®
i H,0, N])H3 65
19 H,0 |
2. co, 1
o N 2
i (N2, HON 6
/8 S0, HON'®, CHONL N 16
[AS Uy HAAYY 1 N 2 . 2
2y NN CH2N'5‘ i NH, CH N, CHO 18
B ) % . 15, 15
30 NO. CH,0, N,y CH,N'7H, CrgN 100
3 040, N 20, HNO 4
59 CNCH /
n CNN, CNCH,, CH'”CH, ChNCH 1
)
43 NCHN, HENCH, o'l et 1
1 5 8
a2 | e, e SN NN, Hen P, o 2
{. 1 LI y v
43 CH2N]JCH2, HOCN, HZCNIbN, Nt et 3
R R T TS T ,
44 (0 80 HOCKT 0 W20V oy CH,Ni 5E
ay nont%, N‘bcH?N‘°d. FNNC 22
4 NO.,, HN'ONO 1




TABLE 9. MASS FRAGMENTATION PAI}’ERN FOR GASEQUS PRODUCTS
FROM HMX (TOTAL N13) pyRoLysis
(~80C C, 10 SECONDS, 0.03 mm)

o POSSTBLE SPLCTES RLLATIVE TMTENSITY
1 h 20
2 ", 24
1o ( 6
13 CH |
| 1 i, "
1 NV, Ui, 11
lo ), 12
17 ok, N 34
15 .., N“’u_S 85
14 n;u’ ]
/ (,02" 1
ol 3
o8 GO, HeNe 45
29 N o ¢
30 ENEN Ch?N]UH. cu3mib. CH,0 a2
3 N]L’n, (i 170
40 OO0
a ok, am!Pon ]
1 et e e, !
a3 ca,nlbcuK, oun'” :
44 €0, HON' 7, H?CN'°N7° | 5%
as | N o oo i /
06 IR ‘ 30
A LRI | |
. S a
e

- P




of the mass fregmentation patterns was performed. The basis for the analysis
was the mess spectrel data reported by Cornu (Ref. 7) for cxhose gageous
prodncts found during the HMX pyrolysis studies conducted aut <800 C under
2 atm of helium. Table 10 is a compilation of Cornu's mass spectral date,

-

and the relative intensities given are based on the reference gas n-butane.

The data summarized in Table 10 indicate the complex mass fragmentation pat-
tern one might expect based on the listed geases. The w/o product gas ylelds
from the pyrolysis of HMX at ~800 C in 2 atm of helium are summarized in
Table 11. Based on the assumption that the product gas yields are similar at
800 C under 2 atm of helium or (.03 mm of pressure, one can predict a theo-
retical mass fragmentation pattern for the product gases due to electiron bom-
bardment. This ‘hecretical fragmentation pattern is given at the bottom of
Table 10 for which a mass of 30 (NO) was used as a baseline with a relative
intensity of 100. The following discussion will refer to this theoretical

fragmentation pattern for which there are significant differences.

The m/e values of 1 and 2 (Table 7} are due tc H atoms and Hz, respec-

tively. As shown in Table 11, the H2 vields were less than 1 w/o.

The m/e value of 15 (Teble 7) is several times larger than that predicted
(Table 10), which suggests that NH or CH3 formation from HMX results from
primary and/or secondary thermal decomposition processes, and is not totally

due to mass fragmentation by electron impact of the gaseous products.

The hydroxyl radical, not NH3, 18 believed to account for the m/e wvalue of
17 (Tabie 7). Ammonia is krowr to be thermally unstable above 400 C. partic-
ularly in the presence of cxygen and/or hydrogen atoms (R.f. 8). Tn addi-

tion, the current studies have shown no NH, from HMX psrolysis et ~800 C

3

(Table 11). The expected m/e ratio of 18 to 17 for H_C is approximetely S

) 2
to 1. The racios foura for HMX (Table 7), ring labeled le (Table 8), and
total le labeied HMX (Table 9) are a«ll significantly smeller, suggesting
some OH formation during the hMX primary or secondary thermal decomposition

and not all from mass fragmentetion ou hzo by electron impact.
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TABLE 11. GASEOUS PRODUCT DISTRIBUTION FROM HMK PYROLYSIS
(~800 ¢, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLt PERCENT | MOLE PERCENT

PRODUCT YIELD YIELD FROM N | YIELD FROM C

N, 10 26

NO 30 37

N,0 N 18

NH, 0 G

HCN 13 18 36

Co 12 : 32

co, n 18

CH,0 0 G

CH, <1 <5

H, <1

H,( 12 B B
! | 99 L 99 l 36

The m/e ~akio of 27 (Table 7) can be accounted for only by HCN. It wes con-

cluded earlier thut !HCH formstion may be a rate--controlling process, partic-

ulerly at low tempseratures (~300 C).

The m/e retio of 748 is ateributed to CO, Nzh and CH_N with the first twn

Leing major gaseons products from the decomposition of HEX at ~800 C

(Teble 11).

N

e




The asgignments riade for m/e value of 29 are to the species CHZNH or
CH3N. and not CHO because the latter, formed from formaldehyde, is known to
undergo thighly exothermic gas-phese reaction with oxides of nitrogen
(Raf. 9). Confirmation for the m/e assignment to CH_NH or CH3N inter-

2
mediates is pgiven by the presence of e m/e value of 29 (CHZNIS) for the

pyrolysis of totally le labeled HMX (Table 9). The possibility exists
that these species can serve as precursors for HCN vie further hydrogen
abstraction. The relative intensity (24) for these species is significant

(Table 7).

The m/e ratio of 30 (Taeble 7) is assigned to NO, which is the major HMX
decompositicn product at ~800 C. As previously mentioned, CH20 is an
unlikely species due to its high reactivity toward nitrogen oxides. The m/e
value of 31, listed in Table 8, obtained from the pyrolysis of ring le
labesled HMX, confirms the earlier conclusion that the majority of the NO is

derived from the NO2 nitrogens.

The m/e values of 39 to 43 may be due to a variety of CNH fragments as shown
in Tables 7 through 9. Of particular interest is the m/e¢ ratio of 43 with a
relative intensity of 20 obtained for uniabeled HMX (Table 7). Possible
species are NCHZNH or HOCN (cyanic acid). The sgpecies NCHZNH SE&ems
unlikely due to the lack of e similar intensity for a m/e ratio of 45,
NlSCHﬂleﬂ, from the pyrolysis of totally le labeled HMX (Table 9).
Cyani: acid boils at 23.5 C at a*mospheric presaure and is a corrosive, very
unsteble liguid. It polymerizes epontaneously to form cyamelide (CNOH)x

and cyanuric acid:

Ho- £-0H

/N
|

O

N
\"c/

|
OH

AN
[y




The prcoportion of cyanuric acid increases with temperature (Ref. 10). Above
360 C, cyanuric acid undergoes decomposition. Cyenic acid may be the source
then of the polymeric residues observed from HMX decomposition reported by

numerous investigators, particulerly at low temperatures.

The m/e ratioc of 44 (Table 7) is attributed to N20. coz. and/or CHZHO;
the first two compounds are major gaseous products from the pyrolysis of HMX

at ~800 C (Table 11). Additional confirmation for N_.O was obtained from

2
the pyrolysis of totally N15 labeled HMX, which resulted in a m/e value of

46 for N0 (Table 9).

The reduction of NO by NH3 to N20 involves an intermediate HNNO (Ref. 8).

The m/e value of 45, therefore, may be an indication of the presence of this

intermediate.

Nitrogen dioxide accounts for the observed m/e ratio of 46, Under the

thermal conditions used, a major amount of eany N02 formed would not be

expected to survive, thereby resulting in the observed low relative intensity ;

(Table 7). At temperatures <140 C, NO2 decomposes to NO and O2 and the

reaction is quantitative above 600 C. In addition, N02 can undergo various §
gas phase reactions asuch as the following (Ref. 9), which result in the

products ohserved in this study:

AH, kceal/mole

NO, + H ¢ NO + OH -28.9
NO, - O € NO + O 15.9
2'7' + 2 inale 2% 2N
NO, + HCO €NO + H + co, -33.7
-"

NO, + HCG ¢ HONO + CO —6% 3
>

NO, -+ YCHO ¥ HONO + HCO 1.4
+ y

No, + NO « 2NO + O, 2703

z




EFFECT OF ENERGETIC ADDITIVES ON HMX DECOMPOSITION

The effect of various energetic additives on the decomposition mechanism of
HMX and its gaseous decomposition products was determined. The approach used
was to determine any significant deviations between the experimental and
theoretically predicted quantities of the gaseous products. If such devia-
tions were observed, it could be concluded that the decomposition gases of
the additive underwent a chemical and/or thermal interaction with those of
HMX. In addition, a knowledge of the decomposition mechanism of the energe-
tic additives and their interaction in the decomposition of HMX should lead

to a better undérstanding of nitramine decomposition.
Premixed samples were prepared of HMX and the additive. The pyrolysis of the
mixtures was conducted under 2 atm of helium at a maximum heating rate of

approximately 850 C per second and held for 10 seconds ia all experiments.

Pyrolysis of Triaminoguanidine Nitrate (TAGN)

Pure TAGN was pyrolyzed at ~800 and ~400 C, and the gaseous product dis-
tributions obtained are summarized in Tables 12 and 13, respectively. At the
higher temperature, N_ was the major nitrogen-containing product and no

2

NH3 was noted. When the pyrolysis was performed at the lower temperature,

N2 wac again the major product hut, in addition, & significant amount of

NH. (20 m/o) also was noted.

Thermal Decomposition of HMX/TAGN Mixtures

The gaseous product aistribution obtained from the pyrolysis of an 80 HMX-29
TAGN w/o0 mixture at ~800 C is given in Table 14. An aunalysis was performed
on the degree of interaction between HMX and TA{‘N. This consisted of a com-
parison of the measured gas yields with those predicted (number> in parenthe-
ses) by addition of the weighted product dis“ributions from pure HMK and TAGN
pyrolyzed under similar conditions. The Yey deviations noted in this analy-

gis were those for N2 and NO (Table 14.




TABLE 12. GASECUS PRODUCT DISTRIBUTION FROM TAGN PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUM)
7777 ] weioHT PERCENT | MOLE PLRUENT | MOLE PLRCENT
PRODUC T YIELD YIELD FROM N [ YIELD FROM C
N, 55 94
14
NO 1 1
N,0 o “
NH, 0 0
HCN 5 4 N
<0 7 42
co, 9 34
CH,0 0 0
th, 0 0
Hy 1
H,0 21 . i
99 98 107
TABLE 13. GASEOUS PRODUCT DISTRIBUTION FROM TAGN PYROLYSIS
(~400 C, 10 SECONDS, 2 ATM HELIUM)X
WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCT YiELD YIELD FROM N [ YIELD FROM C
N 46 78
NG i .
N0 6 6
NH 4 20
HCN i 6 |
o 4 i 24 ]
20, 13 49 l
CH,0 0 J
CH, . ! | 10
) | ] )
H, 0 . l i
H?O 3 . ] _
98 .10 79
*THE SAMPLE WAS 75/ PYROLYZis

2€




TABLE 14. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/O TAGN PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PIRCENT

PRODUCT YIELD YIELD FROM N | YIELD FROM €
Ny 22 52 (40)*

NO 20 22 (30)

N,0 1 17 (14)

NiH 0 0 (0)

HCN 10 12 (15) 31 (35)
co 12 36 (34)
o, 12 23 (21)
CH,0 C 0 (0,
Crip <1 <5 ( 3)
H, <1

H,0 | o

99 105 90

*VALUES IN PARENTHESES ARE THOSE PREDICTED BASED ON

WEIGHTED GASEOUS PRODUCT DISTRIBUTIONS FROM PUKE
_HMX AND TAGN

Miller et al (Ref. 8) recently developea a chemical kinetic modéyr that
explains the important features of the exothermic reduction of NO by NH3 in
the presence of oxygen. Essential Lo the model is 4 mechanism that involves

the reduction of NC oy amidogen (NH_), whichk is formed from NH The NO
4

reduction is most effective between 700 and 1000 C. At temperagires above
1200 C, the process becomes counterproductive and results in nonreduction of
NO. Hydrogen lowers the effective temperature region oy ~5%. 1In addition,
OH radicals accelerate the conversisn of NH3 to NH2. However, .n excess
of OH radicals was foind to have an 1akibiting effect on the reduccion of NO

by NH3. particularly a: temperatures >12CC C .




The current studies con the decomposition of HMX at ~B800 C have shown that
NO is a major product, while NI‘I,3 is o product of the pyrolysis at ~300 C,
but none is observed at ~800 C. Furthermore, there is experimental evi-
dence that OH radicals and H2 are products of the decomposition of HMX
(Vacuum Decomposition of Isotopically Labeled and Unlabeled HMX Section).
Thus, based on Miller's kinetic model, an optimum environment exista for NO
reduction except for the presence of NHZ—type intermediates. This ouggests
that the combustion of HMX might be modified by the incorporation of
additives which, on decomposition, would yield these types of species.

The generatinn of N_ anc Hzo in high yields and NO in a much lower amount

during the pyrolysi52 of TAGN (Table 12) implies that NO is being reduced by
NH3 formed during the thermal decomposition process. Therefore, since this
appears to be the case, it is not surprising that there was no drematic
deviation between the observed and predicted NO values (Table 14). An addi-
tive capable of generating NHz intermediates, but which contains little or
no oxygen, would be a more effective ingredient for promoting chemical

interactions with the HMX geperated NO.

Bistriaminogusnidinium Azobitetrazole (TAGZT)

The compound TAGZT is quite similar to TAGN except that it contsins no oxy-
gen. TAGZT was pyrolyzed at ~800 C &nd, a8 expected, a much larger smount
{16 m/0) of NH3 was measured (Table 15).

Pyrolysis of HMX-TAGZT Mixturesg

The first series of pyrolyses were conducted on & mixture or 80 HMX (ring
labeled le) and 20 w/o TAGZT to establish the extent of NO reductisn by
the coganerated NH3 and/or its 'NH2 derivative. The gaseous product dis-
tributioas, including the N 5-labe‘lec‘l products, are given in Tables 16 and
17. As beforz, a comparison wes made of the preadicted and experimentally
found quantities of the products to determine the extent of interaction. The
principal finding from this enalysis wes & major reduction in the unodnc of
NO theoretically expected and a dcubling of the amount of N2. In concert

with this results, lsrger yiclds of CO and CO, were observed.

2r




TABLE 15.
(~800 C, 10 SECCNDS,

ey

T ey
s e s ety L NS, T — R

PRODUCT DISTRIBUTION FROM TAGZT PYROLYSIS
2 ATM HELTUM)*

L, UNDER THESE CONDITIONS.

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCT YIELD YIELD FROM N YIELD FROM C
N, 62 75
NO <] 0
N?_O <] 0
NH3 16 16
HCN 15 9 "2
CcO <] 0
602 <] 0
CHZO J 0
CH4 1 5
H. 1

Z
HZO Bl L .
96 100 58

*APPROXIMATELY 90G% OF THE SAMPLE WAS PYROLYZED

P




TABLE 16. PRCDUCT DISTRIBUTION FROM B0 HMX
(RING N15)-20 W/0 TAGZIT PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUM)

WETGHT PERCENY | MOLE PERCENT | MOLE PERCINI

PRODUCT YIELD YIEtD FROM N YIELL TROM

N, 32 68 (32)*

NO 13 13 (34)

N0 7 9 (14)

NH 0 0 (3)

HCN 9 10 (15) 25 (38)

co 16 | 44 (?26)

o, 14 25 (15) l

(H,0 n 0 (0)

N Lk 5

CHy ] 5 (5)

H, ]

.0 3 b -

¢ ) |

100 ! 100 94

*VALUES TN PARENTHESES ARE THUSE PREDICTED BASED ON
WEIGHTED CONTRIBUTIONS OF THE PURE COMPOUNDS.

TABLE 17. LABELED PRODUCT DISTRIBUTION FROM 8C HMX (RING N19)_
20 W/0 TAGZT PYROLYSIS (~800 C, 10 SECONDS, 2 ATM HELIUM)

MOLE PERCENT MOLE
LABELFU WASS | RLIATIVL PERCENT | CONTRIBUTION | PEKCONT YIELD
PRODUCT NO. INTENSITY FROM TOTAL N | FROM TOTAL N
N4t 28 50 34
NI 5 15 i f8 (32}~
R 30 5 3
TLES 30 2% P
13 (34)
8 l
N (. | : ) | i
|
LTI ae ( (
N 45 W y D {14
MR a6 7 |
e n' 27 0 5
( "0 {15)
e w'e 28 70 7
SUALUES IN PARENTHESES ARE THOSE PREDICTTD BAS.D IN
WETGHTED CONTRIBOTIUNS OF THE PURE COMPOUNDS.




Analyses of the results shown in Table 17, when compared to those presented

in Table 6, support the hypothesis that NH3—derived intermediates can

indeed interact with the decomposition gases of HMK. For example, the N?

consisted of nearly equal amounts of N14N1a and NlSN‘a, as compared

to essentially pure NISN14 when neat ring labeled le was used. Since
it was observed that this type of isotopically labeled HMX gave primerily
Nlao when pyrolyzed (Table 6), the N2 isotopic mixture observed from the
decomposition of the HMX-TAGZT sample must have resulted from the interaction
of the N140 with NMH3_x from the TAGZT. Further substantiation of
this mechanism is the fact that the observed quantity of Nlaula could not

have come from the TAGZIT alone.

The effectiveness of TAGZT on the reduction of NO generated from HMX was
further tested by pyrolysis of a 60 HMX-40 w/o TAGZT mixture under similar
conditions (lfable 18). 1In this case, the NO yield was reducea by a factor of
3 and the N2 yield increased by a factor 1less cthan 2. (The smaller N,

2
increase was due to the greater quantity of TAGZT in the mixture.)

TABLE 18. PRODUCT DISTRIBUTION FROM 60 HMX-40 W/0 TAGZI PYROLYSIS
(~80C C, 10 SECONDS, 2 ATM HELIUM)

WETGHT PERCENT | MOLE PERCENT | MOLE PURUENT l
PRUDUCT YIELU YILLD FROM N | YILLD FROM © ]
M., a i (465 ;
) r
N 4 LY i
N 9 (1) !
NH, y J4n)
HUN it [P o
L0 10 ' e
H 1
o I RIS
| |
.G
{ “4 J i o)
Y., . |
; ! |
0 ' . |
104 | ] i
B S B
CYALSS TH PRRINTHESES ARG TROSE PRESTOT U oA N
WETGHT: o CONTRIBUTTUNS Gr THE SIPARE © INGHREGLER

yopemmamerrl |
e J




The above test results indicated the potential attributes of TAGZT for modi-
fying the combustion of HMX, which was demonstrated further during burning

rate studies on propellants containing this ingredient (see Combustion Rate

Studies section).

In conclusion, a summary of thogse factors thet influence the effectiveness of
the exothermic HMX-NO reduction by additive NH2 intermediates. as deter-

mined by this study end those referenced, is given below:

1. The effective temperature region of the exothermic NO reduction to
N2 by NH2 intermediates is ~700 to 1200 C (Ref. 11)
2. The concentration ratio of NH_ to NO is critical

3
3. Diffusional gradients may be the most important factor, thus, addi-

tive particle size is very important
4, Matching of additive and nitramine decomposition temperature
5. Rate of additive decomposition
6. Self-consumpticn of NH by the additive itself, thus negating

2
chemical interaction with HMX-NO (TAGN decomposes in such a manner)

Bisdiammonium Azobitetrazole (DAZT)

This compound is the diammonium analog of TAGZT. Pyrolysis studies were
conducted on neat DAZT and HMX-DAZT mixtures to determine the extent of

interaction of the gaseous decomposition products.

The gaseous products and thei: amounts from the decomposition of DAZT sere
summarized in Table 19. This compound, unlike TAGZT, exploded upon initia-
tion of the pyrolysis. Nitrogen was a major product (66 m/n) and hydrazine
(27 m/0), not found as a decomposition product of TACZT, was formed at a
higher level than NH_ (% m/c). A possible explanation for the formetion of

3

N2H4 in suck quantities mey be due to coupl.ny reactions of NH2 radi-

cals produced by the decomposition of NH3 generated during the prrolysis of
DAZT.

- e
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TABLE 19. PRODUCT DISTRIBUTION FROM DAZT PYROLYSISX
7~800 C, 10 SECONDS, 2 ATM HELIUM)

WL LGHT PERCENT MOLEL PLRCENT MOLE PERCENT
PRODUC YIELD YIELD FRUM N YItLD FROM &
N, w5 fit.
NOY " L
too | 0 0
N, n q
“{‘ iy al : )7
HON o h v
Cch 0 n

{
0 i u
v;H’,() 0
Hy 0 0"
H, 1
HK,() 0 . R
100 108 27

YEAPLODES UNDER THESE PYROLYSIS CONDITIONS

Pyrolysis of HMK-DAZT Mixture

Pyrolvsis studies were conducted on an 80 HMX-20 w/o DAZT mixture and the
products identified eaend queatifiec {(Table 20) on ozcasion, thi~ mixture
detonated during the pyrolysis. In those instances, no significant

differences were noted in the nature or gquanticty of tne products.

As observed for the HMX-TAGZT mixture, the adaition of DAZT to HMX resulted
in a significant decrease in the theoretically predicted wield of %0 and an
increase in the N2 yield. The NH3 yield was reduced to 0%, whereas tne
Mz“.‘; did nct appear to undergo any oxidation during the pyrolyuis. Other -
wise, the product distribution was similar “c cha:t proeviously ceported or

the 80 HMX-?0 w/0 TAGZT mixture {Table 16

(e
Can




TABLE 20. PRODUCT DISTRIBUTION FROM 80 HU'X-20 W/0Q DAZT PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HLLIUM)

WLIGHT PLRCUNT MOLEL PLRCENT | MOLE PLRCENT

PROOUCT YIELD YIELD FROM N | YIELD FROM C
NZ 27 51 (34)*

NO 13 13 (30)

N,0 9 12 (14)

NH 0 G (2)

NoHy 5 9 (5)

HCN 6 T (16) 17 (36)
Co n 13 (26)
o, 19 34 (19)
CH,0 0 0 (0)
CHg 0 0 {4,
Ho 1

4

11,0 Y L I

i00 Q8 a2

*VALUES IN PARENTHESES ARE WEIGHTED AMOUNTS OF THE
FYPECTED GASES ASSUMING NN INTERACTION

Ammonium 5-Njtraminotetrazgle (ANAT)

The chemical composition of ANAT provides an equimolar balance of nitramine
and anmmonium groups so that one might expect a quuatitative reduction of the
MO by NH3. both generated by the decomposition of ANAT. The decomposition
zases formed during the pyrolysiz of ANAT at 800 C are summerized in
Table 21. The principal results were e high yield (8Y m/o) of "2 and a

very low yield (3 m/o) of NO, as was expacted from the chemical interaction

between NO and NH3.

Pyroiysis of HMX—-ANAT Mixture

The effect of AMAT vn the decomposition of HMX was measured on a 80 HMX-20
w/0 ANAT mixture. The resulis, summar.zed in Table 22, again demonstrated
that additives containing moietiss capable of generating NHB' and from it

NHz-—type intermeciates, can reduce significantiy the theovretical yield of

NO by a :hemical interaction.

3¢




TABLE 21. PRODUCT DISTRIBUTION FROA ANAT PYROYLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUW)

U, SN
WETGHT PLRUENT | MOLL PLRCLNY MOLL PLRCEN]
PRODUCT YIELD YIELD FROM N YIELD FROM C
N, 0 89 i
R
NO 5 ¥
NG | 1
NHj 0 0
Nty ? 3
HCN [ 5 R
(oY) B 31
o, 7 KR
(H.,0 ] [}
CH, | 9
M., 1
H,0 13 ) ‘
100 10 A6

TABLE 22. PRODUCT DISTRIBUTION FROM 80 HMKX-20 W/0 ANAT PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HILIUA

[ W [Ght “ERCENT MOLL PERCENT MOLc PERCENT
{PRODUCT (iELD YIELD FROM N ¢ YIELD FROM C
N, 26 ol {39)*
NO 19 20 (30)
N,0 ( 2 3(1n)
NH, 0 0 () !
N7h4 n 0 (i)
HCN 8 [OLY 24 (35)
0 12 35 {32)
CCZ 14 26 (1Y) ‘
CH20 U 0 .6y
|
Hy | ! 309
N, v I
3
Hoo 2 b i o
160 10?2 45 '
i S I
*THE VALUES I PARLNTHESES AR. 'nlSI PREuICTED sASED ON !
WEIGHTED AMOUNTS ODERIVED FROM THE EXPECTEHL “IELDS 2§
THE INJIVIDUA COMPONENTS.___ o




1,7-biaz}ido-2,4,6-Trinitrazaheptane (DATH)

DATH i3 an azido containiny nitreamine and it was investigated to determine
the affect of the ezido group on the dec~wposition of the nitramine wciety.
The results ohtained on the pyrolwiis of neat DATH, summarized in Table Z3,
strongly suggest a significant influence of the azide group on the nitrsmine

decomposition mechanism of DATH.

TABLE 23. PRODUCT DISTRIBUTION FROM DATH PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUNM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT

PRODUCT YIELD YIELD FROM N | YIELD FROM C

N, 45 86

NO 4 4

N0 3 4

NH 0 0

HCN A 4 12
' o 25 7

co, 1 20

CH,0 o 3

cH, . 5

"y

H,0 7 ) -

! 100 98 oo |

Pyrolysis of N13 Labeled DATH

Isotopically Jabeled DATH, with the center nitrogen »f the azide group le

labeled, was prepared from NaNﬂlSN and pyrolyzec under th» standard condi-
tions to gain a better understanding oX the azide-nitramine interaction. A
comparison of the rasults, summarized ir Tables 23 and 24, shows that the
product distributioas sare near identicsl. Mess spectrometer analyses were

performed on the decomposition zeses from the labeled DATH (Table 25), whi:h

indicsted that <che N2 consisted <of l~l15rll"° and Nlaﬂzb in a ratic of

1/3 %o 2/3, resjectively Tais indicates that both eazide groups cf DATH




TABLE 24. PRODUCT DISTRIBUTION FROM PYROLYSTS OF CENTER N5 LABELED DATH
(~800 C, 10 SZCONDS, 2 ATM HELIUM)

WETGHT PERCENT [ MOLL PLRCENY | MOLE PERCENT
PRODUCT YIELD YIELD FROM N | YIELD TROM ¢
K, 47 89
NO 3 3
N0 3 4
NH - 0 0
HCN 3 3 Y
co 27 77
co, i 2v
Ch,0 0 0
CH, | 5
H, 1
H,0 5 ) o

100 99 106

TABLE 25. LABELED (N'5) PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER
N15 LABELED DATH
(~800 C, 10 SECONDS, 2 ATM HELIUM)

MOLE PERCENT MOLE

LABELED |MASS | RELATIVE PERCENT | CONTRIBUTION | PERCENT YIELD
PRODUCT | NO. INTENSITY FROM TOTAL N | FROM TOTAL N
NNt ] og 65 53 )
NOaNTA L o 35 3 ‘ 29
NONTS 3 0 9
N0 30 95 S

3
N'2=0 3] 10 g
N Aant4o0| ag 85 3 )
LR Y 15 ‘ 3
N2=n"=0] a6 g 5
wen'd | 27 100 ! s

3
=N 28 L o [ ) ‘
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decompose via N, evolution, which results in the observed NISNM ylield

of 31 m/o. The N“N“ then must be the decomposition product of the

N-NO, group. The oxygen present in the NO2 groups result in high ylelds

of CO and Coz.

The pyrolysis of N15 labeled DATH eaisc was investigated at a temperature

slightly above its melting point(~140 C). Based on the results obtained
(Table 26), the C-N bond of DATH is less stable than the azide linkege. This

conclusion is reached on the basis that N20 was the major decomposition
2 along with CHZO. This obsetrvation (s comparable to
that previously discussed for HMX where C-N bond cleavage was faster than

gas, rather than N
N-—NO2 bond rupture at ~300 C.

TABLE 26. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N15 LABELED
DATH AT ~140 C* (10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCY YIELD YIELD FROM N | YIELD FROM C
i, 13 25
NO J 0
N0 61 74
NH 0 0
HCN 0 0 0
iy 0 0
C0, z 4
4
CAZO 20 54
CHy G 0
H2 | 0
HZO _2 . . '
98 99 35
e o
*APPROXIMATELY 3C% OF THZ SAMPLE #AS PYxO! /ZED UNZER
THESE CONDJITIONS
L — s s

33




evolution, which results in the observed NISN“ yleld

N14“14

decompose via N2

of 31 m/o. The
N~NO2 group. The oxygen present in the NO

of CO and COZ'

then must e the decomposition product of the

o BTOupSs result in high ylelds

The pyrolysis of le labeled DATH aiso was investigated at a temperature

slightly above its melting point(~140 C). Based on the results obtained
(Table 26), the C-N bond of DATH is less stable than the azide linkage. This

conclusion is reached on the basis that N_,0 wes the major decompogition

2

gas, rather than N along with CHZO. This observation (g comparable to

2’
that previously discussed for HMX where C-N bond cleavage was faster than

N-NO, bond rupture at ~300 C.

TABLE 26. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N!5 LABELED
DATH AT ~140 C* (10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCY YIELD YIELD FROM N | YIELD FROM C
N2 13 25
NO J 0
N20 61 74
NH 0 0
HCN 0 0 0
co 0 0
CO2 2 4
CHZO 20 54
CH, o o
H, X 0
Ha0 -2 — — i
98 99 35
[PV — —
*APPROX IMATELY 3C% OF THE SAMPLE aAS PYRO! YZED UNCER
THESE CONDITIONS




While the pyrolysis of DATH was only ~30% at 140 C, its decomposition at
~160 C was quantitative. The product distribution at this temperature

(Table 27) wag quite similar to that observed at ~800 C (Table 23).

TABLE 27. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N13
LABELED DATH AT ~160 C (10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLL PERZENT [MOLE PERCENT
PRODUCT YIELD YIELD FROM N YIELC FROM C
NO 7 6
NBO 9 11
NH3 0 0 j
HCN 3 3 9
Co 22 63
COZ 9 16
CHZO 0 0
CH{1 1 5
H; 1 l
H,0 _ .
1 100 103 88

Pyrolysis of HMX-DATH Mixture

Mixtures of HMX and unlabeled DATH (80 and 20 w/o, respectively) were pyro--
lyzed at ~300 and ~800 C. The studies conducted at the lower temperature
gave a higher NO but lower N20 yield than those predicted from the theoret-
ical vields of the individual reactants (Table 28). The pyroiysis results
obtained at ~800 C (Table 29) were more in 1l:ne with those expected essum-
ing no chemical interaction becween the proauct gases. The conclusion
reached from these studies is that, uilike the previo.sly discussea addi-
tives, which can generate NH3 and its dissociation species, any accelera-
tion in the decomposiiton of HMX by DATH will result via the axothermic
decomposition of the azide groug and not by chemicai interacticns of the

product geses.

16
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TABLE 28.

TABLE 29.

PRODUCT DISTRIBUTION FROM 80 HMK-20 W/0O DATH PYROLYSIS®

(~300 C, 10 SECONDS, 2 ATM HELIUNM,

WEIGHT PERCENT | MOLE PERCENT {MOLE PERCERNT
PRODUCT YIELD YIELD FROM N | YIELD FROM C
N2 15 37 (37)**
NO 24 28 (16)
N20 20 31 (43)
NHy 0 0 (2)
HCN 8 10 (1) 22 (2)
co 1 29 (23)
€G, 12 20 118)
GHZO 4] C .22,
CHy N 5 (-4)
Ha
Ha0 10 _ -
100 106 71
*THE SAMPLE WAS APPROXIMATELY 80% PYROLYZED
**THE VALUES IN PARENTHESES ARE THOSE PREDICTED BASED
ON WEIGHTED AMOUNTS DERIVED FROM THE EXPECTED YIELDS
OF THE INDIVIDUAL COMPONENTS.

PRODUCT DISTRIBUTICN FRM 80 HMX-20 W/0 DATH PYROLYSIS

(~800 C, 10 SECONDS, 2 ATM HELIUN)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCENT
PRODUCT YTELD YIELD FROM N | YIELD FROM C
N, 12 32 (38)*
NO 25 29 (30)
N, U 13 20 (i5)
NH; 0 0 {0)
HEN 12 15 (15) 33 (31)
0 12 32 (40)
co, % 24 (18)
Cri,0 L 0 (0)
Hy R 5 (-3}
H, 1
50 e e e
99 96 29
*THEORETICAL VALUCS BASZD ON WEIGHTED AMOUNTS CERIVED I
FROM THE INDIVIDUAL COMPONENTS AND ASSUMING NO CHEMiCAL !
INTERACTIONS . 1




1-Azido-3,6-Dinitro-1,3,6-Triszacvcioheptane (AMDTH)

The second azido-containing nitramine investigated during this series of
studies was AMDTH. The products (and their amounts) from the pyrolysis of

AMDTH are summarized in Table 30.

Pyrolysis of HMX/AMDTH Mixture

The behavior of AMDTH when admixed with HMX, 80 HMX-20 w/0 AMDTH, was quite
different than that exhibited by DATH in similar mixtures. The N2 yield
was appreciably greater and the NO yield significantly less than the values
calculated on the basis of the pyrolysis product yields from the pure com-
pounds (Table 31). These results strongly indicated that the attempts made
to incorporate azide grouos into the structure of HMK (subsequently dis-

cussed) might lead to changes in its combustion characteristics.

Azobisnitroformamidine (ABNF)

Neat ABNF burns at a very fast rate and, therefore, pyrolysis studies were
conducted on it and a mixture with HMX. Bes«<d on the results shown 1in
Table 32, its principal product gas |is N2 and the majority of the NO2

oxygen is recovered as CO and coz.

Pyrolysis of HMX-ABNF Mixture

No apparent significant interactions occurred between the product gases from
the pyrolysis of a 80-20 w/o HMX-ABNF mixture at 800 C (Table 33). Analyses
of the pgases gave a product distribution quite similar to thet predicted

based on the pure compcunds.

Cyanoguanidine

Cvanoguanidine was found to give & high yield of NH3 when pyrolyzed ac
~800 C (Table 34). however, the extent of pyrolysis was quite low (~20%;
under these conditions. which indicates its high the2rmal stability in the
absence of oxvgen. Since the therma. decompousi:ion was limited, no studies

were conducted on mixtures of HMX witn this material
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TABLE 30. PRODUCT DISTRIBUTION FROM AMDTH PYROLYS13*
(~800 C, 10 SECONDS, 2 ATM HELIUM)

WETGHT PERCENT | MOLL PLRCENT | MOLE PERCENT
PROVUCT YLELD YIELD FROM N | YIELD FROM C
N2 28 A2
NO 10 10
N, 4 [

s
NH] 0 )
HCN 13 15 24
co () 26
o, i9 21
CH,0 0 0
CHy ¢ [
CHE-CH.(, 1 q
Hy 1
1,0 8
160 93 8’

*SAMPLE WAS 90 . PYROLYZED

TABLE 31. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/0O AMDTH PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUN)

“J WEICHT PERCENT | MOLE PERCENT | MOLE PERCENT

PRODUCT | YIELD YIELD FROM N | YIELLD 7ROM C
N, o 63 (33)*

NO 0 12 (22}

N0 7 11 (16)

Ni 0 ¢ (o)

HCN ; 9 (17) | 8 (34,

€Y i 55 (31}

!

0, i9 23 (19}
CH,C : 0 3 {G)

Chy J 2 (65)

Cit oo, 1 | (N

Hay 1

H,0 9 - L

166 35 162

“VALUES IN PARENTHESES ARE THEORETICAL AND WERE (

CALCULATED ON THE BASIS 9F THE £XPECTED PRCDJCTS |

FRGM THE PJRL COMPOUNDS. B
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TABLE 32.

PRODUCT DISTRIBUTION FROM ABNF PYROLYSIS*
(~800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT

MOLE PERCENT

MOLE PERCENT

PRODUCT YIELD YIELD FROM N | YIELD FROM C
N2 45 82

NO 3 3

NZO 7 8

NH3 O 0

HCN <] <] <3
Co 13 47
CO2 26 60
CHZO 0 0
CH4 0

H2 <]

H,0 6

2 5 _ —

100 94 107

*THE SAMPLE WAS 907 PYROLYZED




TABLE 33. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/O ABNF PYROLYSIS
(~800 C, 10 SECONDS, 2 ATM HELIUN)

M—T Wi Ll l'[RLlNI MOLL PLRULNT ] MOLL PERULNI
PRODUCT YIELD YIELD FROM N | YIELD FROM C
N, 15 36 (37)*
NG 23 26 (30)
N,0 19 29 (16)
NH, 0 0 (0) |
HCN 3 10 (14) 23 (29)
o 9 25 (3%)
<o, 17 30 (26)
CH,0 0 c (0)
CH, ! 5 («4)
H, 1
H,0 .8 S S

99 [ 101 8

“YALUES IN PARENTHESES ARE ADDITIVE THEQRETICAL

TABLE 34. PRODUCT DISTRIEUTION FROM CYANOGUANIDINE PYROLYSISX
(~800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT | MOLE PERCENT | MOLE PERCINT
PRODUC T YIELD YIELD FROM N YIELD FROM C
NO C 0
N2O 0 0
NH3 58 72
HCN s 17 34
“?Hd 2 H
co i C
CO;, 0 0
CH?O 5 <
CHQ 1 ; g
by 0 i
HQD 1 B B

99 17 LG
| *SAMPLL WAS 207 PYROLYZe D _

TS A




Cupric Diammonjum-Diazide Complex LCu(NH31235312}

Table 35 summarizes the gas-phase product distribution from the pyrolysis of
[Cu(NH3)2(N3)2] at ~800 C for 10 seconds under 2 atmospheres helium. The N2
and NH3 yields (43 and 18 weight percent, respectively), were close to that
theoretically expected. Elemental analysis for copper (36 weight oercent)
was also close to theoretical. The compound undergoes a violent dctonation

at 210 C. Thus, the highly exothermic generation of significant NH_ yields

3
without the preseace of oxygen (to prevent self-oxidation of NH3) made
[C“(Nﬁa)z("a)?] a viable candidate as an additive for exothermic gas-phase
HMX-NO reduction to N_.

2

TABLE 35. PRODUCT DISTRIBUTION FROM PYROLYSIS OF
[Cu{NH3)7(N4),] AT ~800 C, 10 SECONDS, 2 ATM HELIUM

WEIGHT
PRODULT PERCENT | MOLE PERCENT
YIFELD YIELD FROM N
K 70
N2 43
NO <] <1
<] <1
N20
NH3 18 24
HCN 0 0
Co <]
CO2 1
CH20 0
CH4 0
H, 0
<
H20 {
Cu 36
99 94
&
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Table 36 gives the gas-phagse product distribution from pyrolysis of a 95
HHX»S(Cu(Nua)Z(NS)?I welght percent mix et ~800 C for 10 seconds
under 2 atmospheres helium. A comparison of mole percent yields of gaseous
ptoducts determined experimentelly with those expscted theoretically (values
in parentheses), based on weighted amounts of the individual components, show
an increase in Nzo and decrease in HCN. Thus, the expected HMK-NO reduc-
tion to N2 via NH2 intermediates from [c“(""a’z("3>2’ did  rnt
occur. It is believea that the significant decomposition temperature differ-
ence between HMHMX (280 C) and (Cu(NHa)z(N3)2] (210 €¢) in addition to
the very rapid decomposition/deflagration of (Cu(NH_ ) <H3)2) prevents

adequate chemical and/or thermal interaction. To test t:i: hypothesis, the
gas-phuse product distributiorn from the pyrolyris of a 9S5RDX-5 w/o (Cu(NH3)2
(N3)2] mixture was determined as shown in Tahle 37. RDX, which undecrgoes
thermal decompositicn at 201 C, would be expected to undergzo a greater chem-
ical and/or thermal interaction with iCU(NHS)Z(N3)2] than that Ffound
with HMX based on the simjilarity in decomposition temperatures. As the data
of Table 37 1llustrate, this was indeed the case. Three-fourths (77 mole
percent) of the total aveilable nitrogen was found as N2 with NO and NZO
yieids decreased sigrnificantly (7 and 5 mole percent, respectively, from that
expected. In addition, it can Ye¢ seen that the majority of oxygen was util-
ized to produce €O and CC?' resultiag in total carbon oxidation. Thus, a
major factor was identified in obteining a sigaificant chemical and/or
thermal interaction with HMX or KDK with additives, that cf matching the
nitramine and additive dnccirrosicion temperatures, pac-ticulaerly when the

additive undergoes very rapid decomposition.

Triaminoguenidiunium-5-Aminotetrazole (TAG>5AT)

Teble 38 gives the gas phase product distribution from the pycclysis of
TAG*5AT at ~B800 C rfor 10 seconds under 2 atmuspheres helium. Of particu-

lar ianterest is the high NH_, yield (38 weight percent) found in the pyroly-

3
sis of this o«ygen-rfree energetic compouad. This is considerably a.gher than
the NH3 yield from the previously -~tudied TAGZT (16 weight percent). How-
ever. the relatively low 42 mole percert total cavbon yield from pyroiysis of

TAG*5AT suggests a relatively high residue yield after pyrolysis and also




TABLE 36.

PRODUCT DISTRIBUTION FROM 95 HMX-5 W/0 {Cu(NH3)9(Nq) 5]
PYROLYSIS AT ~800 C, 10 SECONDS, Z ATM HELTIUM |

WEIGHT
PRODUCT | PERCENT | MOLE PERCENT | MOLE PERCENT
YIELD YIELD FROM N | YIELD FROM C
~2 12 31(28)*
NO 28 34(3%)
N,0 16 26{17)
NH,, 0 0(1)
HCN 3 4(17) 9(34)
co N 31(30)
co, 17 0(17)
cnzo 0 0(0)
CH, <1 <5(<5)
H,, I
H,0 10
Cu 2 I R
99 95 10
*THE VALUES IN PARENTHESES ARE THOSE PRE-
DICTED BASED ON WEIGHTED AMOUNTS OF INDI-
VIDUAL COMPONENTS
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TABLE 37. PRODUCT DISTRIBUTION FKROM 95 RDX-5 W/0 [Lu(NH4)5(N3)p)
PYROLYSTS AT ~800 C, 10 SRCONDS, 2 ATM HELIUM

R
1 WE [GHT i
PRODUCT | PERCENT } MOLE PERCENT | MOLE PERCENT .
YIELD | YIFLD FROM N | YTELD FROM C

N, a0 11(24)*
NO 6 7(40) ‘
N, 0 3 5(21) :
NH, 0 0(1) .
HCN ! 1(10) 3(21) ;
Lo 20 52(30) %
co, el 50(21) i
‘,
CH,,0 0 0:0) j
CH, < <5(<5) G
H,, 1 i
H,0 9 }
Cu 2 e e 1
A
100 oy 105 i
*THE VALUES 1IN PARENTHESES ARE THOST ORE- @
DTCTED BASED On WETGHTED ANOUNTS OF INuI- i
VIDUAL COMPNANENTS :
i ] %i
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TACZLE 38. PRODUCT DISTRIEUTION FROM TAG<SAT °YROLYSIS AT
~B800 €, 10 SRECUNDS, 2 ATM HELIUM

WE IGHT |
PRODUCT | PERCENT | MOLE PERTCENT § MOLE PERCENT
YIELD YIELD FROM N | YIELD FROM C
—- -
N. 43 53
'
NO
N,0
NH, 38 38
HCN 12 8 42
co <1 <3
co,
CH,0
CH, <1 <
H,, 1
H,0 25
99 99 _L 42




Indlcates an cverall "cocling" effect during decomposition. This coollug
effect may be the result of an excess of NH3. which {8 known tc beshave as a
flame ccotardant in high concentrations. TAG¢SAT wa- found to burn in ambi-

gnt alr with the formation of s liquid pcol below the flame zone.

Table 39 gives “he gas phape product cdistribution from the pyrolysis of a 80
HMX-20TAC*5AT welght fpercenl mix at ~300 C ¢nr 10 seconds under 2 atmos-
pher~s helium. The data show a ducrease irx NO and gn incrense in the N2
yield from that theoretically expected. Thie implies YMX-NO reduction to
N2 oceurrad via TAG-SATmNHS. but not to the extent round with TAGZT.
With TAG+S5AT, the amount of carbon oxidation iwar 48 predicted (CO and C02
yields) with HMX. An iacrease in the amount of the theovetically derived
NZO (indicating the less exothermic HMX C-N bond scission occurred to a
greater extent than the more exothermic NW-NO2 bond scission) also was
observed. Finally, the slightly reduced totsl carbon yield (76%) froem pyrol-
ysi1s of the 80 HMX-20 w/u TAG*5AT mixture versus that from pure HMX (86%)
also indicates a slight cooling effect caused by the greater amount of carbon
residue formed during tne pyrolysis. Thus, snother factor influencing HMX/
additive interection is the concentration ratio of HH3 from the additive to
MO from HMIE. In addition, the decoimposition tempserature of 120 ¢ for
YAG*SAT is significantly lower than that of HMX (280 C) and generation cof

high NH3 yields might b=> expected to have a flame-retarding effect.

Lithium und Sodium Azide

Recent burn vate studies at Morton-Thiokol have shown small concentrations of
sodium azide have an erfect on HMX burn rates. Thus, gas phase product dis-
tribution from the pyrcolysis of 98 {dMX-2 LiN3 and 98 HMR-? NaHa welight
percent mixes at ~800 C for 10 seconds undev 2 atmospheres helium were
determined. Tabdble 40 gives the data rrom these experiments. It cen be seen
thot dcematic changes from the theorctical ygas phase product yield: are
chtained with both LiN3 and Na¥_. LiNS is reported to undergc measur-

3
able decomposition above 210 C in & highly irraprcducible manner (Pef 12).

5r
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TABLE 39. PRODUCT DISTRIBUTION FROM 80 HMX-20 TAG-5AT W/0
PYROLYSIS AT -~B00 C, 10 SECONDS, 2 ATM HELIUM

WEIGHT
PRODUCT | PERCENT | MOLE PERCENT | MOLE PERCENT
YIELD YLELD FROM N | YIELD FROM C
N, 21 45(31)»
NO 14 14(30)
N,0 18 25(14)
NH3 0 0(8)
HCN 1 12(16) 32(37)
co 10 28(26)
co, 9 16(14)
CH20 0 0(0)
CH, <1 <5(<5)
H, <
H,0 15 — o
98 96 76
*THE VALUES IN PARENTHESES ARE THOSE PRE-
DICTED BASED ON WEIGHTED AMDUNTS OF INDI-
VIDUAL COMPONENTS
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NaN3 is reported to undergo rapid decomposition at temperatures aebove
370 ¢, with decomposition rates dependent on the specific surface areu of
NaN3 crystals (Ref. 13). Upon decomposgition, LiN3 and NnN3 evolve N2
with the coproduction of the very reactive solid-state LiN and NaMN radicals.
These could be expected to behave as very active proton scavengers abstract-
ing hydrogen from methylene groups (CHZ) about the HMX ring. This mechan-
ism would accocunt for the very low HCN yields found (Table 40) in these
experiments. In addition, incressed H2 yields are indicative of a hydrogen
abstraction process. Although both LiN3 and NnN3 appear to display a
"catalytic" effect in altering the HMX decomposition mechanism, significant
changes in HMX propellant burn rates were not encountered. It may be that
intimate contact is lost between HMX and the active LiN or NaN intermediates
in propellant mixes or that the overall change in decomposition mechapism is

not improved substantially in terms of heat release generated.

RDX

Table 41 gives the gas phase product distribution from pyrolysis of RDX at
~220 C and ~800 C for 10 seconds under 2 atmospheres helium. In the low-
temperature region just above liquefaction of RDX (201 C), the gas phase pro-
duct distribution indicates a faster rate of RDX liquefaction to gasifica-
tion. RDX undergoes 90% pyrolysis with comparable C-N and N—N02 bond
scission occurring as given by the almost identical N20 aad NO yields,
respectively. HMX undergoes only 70% pyrolysis just above the liquefaction

region, giving higher N_,O than NO yields, indicating more C-N bond scission

2

than N~N02 bond scission. This complements the recent work of Brill who
has shown that crystal lattice interactions are greater in HMX than RDX,

implying a faster rate of RDX gasification (Ref. 14)}.
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TABLE 40. PRODUCT DISTRIBUTION FROM HMX-ALKALI AZIDE PYROLYSIS
AT ~800 €, 10 SECONDS, 2 ATM HELIUM
i - . T S e T
it N . . ! e tn e - S ————
WL W I i
PROOUEE | PERCENT | MOLE PERCENT | Moty vineen PRODUCT | PERCENT [ MOLE PERCERT [ MOLE pERCENT ]
YUELD fyievo veom [ Yirtn rrom YLD [ Yivin rRuM N | Yo rrom 3
N, W e N, W CIVE i
NG b 1) ‘ NO 9 IEIS)
N0 ’ 1) : N, L] 1)
NH, 0 ) [ Nh i o) ;
HEN I 1(1H) Ty e ! 118 sy
Ly 20 M) 20 WI(30)
o 21 ab(ny i, 2 6(14) ,
. 1 I3
CH,0 0 0y, e v 010) |
cH " M)y LK | YRS
i, | ‘ Iow, | |
P ; ? |
WO R ; !
oM, | Lom 13 :
! 100 48 1y 100 4/ i kN .
SIHE VALUES IN PARENTHESES ARE THOSE ' :
[ PREOICIED BASED ON WEGHTHY AMOUNTS |
LOF INBYYIDUAL COMPONENTS L ) R ]

GASEOUS PRODUCT DISTRIBUTION FROM PYROLYSIS OF RDX
{10 SECONDS, 2 ATM HELIUM)

TABLE 41.

L YRR -800 ¢
b i ]
' Wi HGHi r Wi LLH !
FPRUDULT | PERCENY | MGLE PERCENT | MOLE PERCENT PRODUCT | PERCENT | MOLY PURCENT | MOUE PORUEND
! l YLD | YTHiD rRoM N 1RLD HROM C YINIU | YLRTD FROM N| YIEED fROM ¢
S S SR
] i l
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LN, 74 N, ] ¢ t
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[ i H |
NN i } 4 f L HUN t 1 i ve X
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H? i O | i H? w1 i l ‘
MU L | W0 N ! | |
100 44 b : 94 ‘ o ‘ 1h |
L _ 1 — | | |
|
CSAMPLE 4G BYROEY /1D J |
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SRCTION 4

HMX STRUCTURAL MODIFICATION STUDIES

SYNTHESIS OF HMX DERIVATIVES

1-Azidomethyl-3,5,7 -Trinitro-1,3.5,7-Tetrazacyclooctane (AZMTTC)

When DPT, & compound readily prepared by nitrolysis of hexamethylenetetramine
(Ref. 15), is treated with an equivalent of 98% nitric acld in excess acetic
anhydride, 1l-acetoxymethyl-3,5,7-trinitro-1,3,5,7-tetrazacyclooctane (AMTTIC)
is tormed (Ref. 16) in 70 to 80% yileld (Fig. 2).

Bell and Dunstan (Ref. 17) have investigated reactions of the sgix-, seven-,
and eight-membered ring acetate nitramines with various nucleophiles, such as
alcohcls and inorganic salts. One aspect of their work was reaction of these
ring acetates with sodium azide in efforts to prepare the correspounding ring
azide. The reaction of AMITC and the sgix-membered ring acetate with sodium
azide in dimethylformamide gave primarily decomposition products. Only in the
case of the seven-membered ring scetate was it possible to obtain the corre-

sponding azido cowmpound.

Numerous attempts were made in this program at nucleophilic substitution of
the acetate group by inorganic azide saelts in various solvents and reaction
conditions which ghowed that the eight-membered ring decomposes or that no

substitution occurs.

Dunning and Dunning (Ref. 18) have reported that treatment of 1l-methoxymethyl-
3,5-dinitro-1,3,5-triazacyclohexane with acetyl chloride and acetyl bromide
gave the corresponding chloro end bromc derivatives. This chemistry was

applied to the eight-membered ring acetate, AMTTC.

Treatment of AMTTC with acetyl bromide gave & near quantitative yie.d of
1-bromomethyl-3,5,7~trinitro-1,3,5,7-tetrezacylooctane, BrMITC (Fig. 2).
Attemots to convert the bromo derivative to che corresponding azide with

gsodium azide in various solvents were unsiccessf.l.
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A novel method then was developed for the conversion of the eight-membered
bromo derivative to the corresponding azido compound using acetyl azide as the
aziding agent in methylene chloride. The acetyl azide is generated in situ
in methylene chloride sclution at 5 C and is reacted with BrMTTC in a hetero-
geneous reaction at 10 to 15 C. The low temperature is required since acetyl
azide starts to decompose at about 40 C to form methyl isocyanate via the Cur-
tius reaction. The conversion of the bromo derivative to 1-azidomethyl-3,5,7-

trinitro-1,3,5,7-tetrazacyclooctane was achieved in 80% yield (Fig. 2).

HPLC analysis gave a single pesk and elemental analyses calculated for

Cc.H are: C, 19.61; H, 3.27; N, 45.75; Found: C, 19.99; H, 3.28;

5 10"1006
N, 44.99. The compound melts at 130 to 131 C (Ref. 19).

1-Trinitroethyl1-3,5,7-Trinitro-1,3,5,7-Tetrazacylooctane (TNTTC)

Nitroform alkylations of aliphatic primary bromo derivatives with silver
nitroform have been studied by numerous investigators (Ref. 20). Acetonitrile
is a typical solvent used in these studies. Attempts (o convert BrMTTC to

TNTTC via AgC(N02)3 in acetonitrile at aembient temperature were unsuccess-

ful (Fig. 3).

1-(Azidoethoxy) Methyl-3,5,7-Trinitro-1,3,5,7-Tetrazacyclooctane (AEMTTC)

Attempts to convert BrMITC to AEMITC via the Williamson synthesis with azido-
ethanol were unsuccessful (Fig. 3). BrMITC underwent decomposition under var-

ious conditions when azidoethanol was used as the reaction solvent.

1,5-Dinitro-3,7-Dibromoacetyl-1,3,5,7-Tetrazacyclooctane (DNBTTC)

1,5-dinitro-3,7-diacetyl-1,3,5,7~-tetrazacylooctane (DADN) was believed to be
an attractive structurally symmetrical precursor for attempts to monobrominate
botn methyl (~CH3) groups to arrive at the precursor DNBTTC (Fig. 4), which

then could undergo azide substitution via the novel process developed under
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Figure 3. Synthesis Attempts of Novel HMX Derivatives
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this program using acetyl azide in the synthesis of AZMTTC (Fig. 2). However,
all attempts made to monobrominate the methyl groups of DADN (Fig. 4) were
unsuccessful. The initial attempts utilized a brominating medium consisting
of sodium bromate (NaBrOB), aqueous hydrobromic acid (47% HBr), and acetic
acid as the reaction solvent {(Ref. 21). The reaction parameters investigated
were reaction temperature, time, and reactant molar ratios. The only results

obtained were recovery of starting material or decomposition-type reactions.

Another approach investigated, based on the litereture, involved the use of
phenyltrimethylammonium perbromide (PTAB) in tetrahydrofuran (THF) solvent.
This reaction system had been successfully used previously for moncbrominating
a methyl group next to a naphthalene carbonyl (-C=0) group (Ref. 22). The
reaction parameters investigated in the attempted monobromination of DADN with
PTAB were reaction temperature, time, and reactant molar ratios (Fig. 4). In

all cases, no reaction occurred,

A final attempt at monobrominating the methyl groups of DADN involved the use
of pyrolidone hydrotribromide (PHTB), which wes based or a literature prepara-
tive method involving a selective brominating agent for ketones (Ref. 23). No

reaction between DADN and PHTB occurred under any of the reaction conditions

investigated.

1-Aminoethyl-3,5,7-Trinitro-1,3,5,7-Tecrazacyclooctane (AMMITC)

The successful synthesis of AMMTITC would give an attractive precursor for a
number of condensation reactions with activated alcohols followed by nitration
to give symmetrical and unsymmetrical HMX derivatives. The initial attempts
made to synthesize AMMYTC from the novel precursor 1-bromomethyl-3,5,7-
trinitro-1,3,5,7-tetrazacyclooctane {(BrMITC) resulted in the isolation of a
compound with elemental analyses far from that theoretically expected
(Fig. 5). The reaction of BrMITC in ammonia-etnunol solutions was further
investigated with emphasis on varying resaction &temperature and time. 1In all
cases, the eight-membered BrMiTC ring underwent cleavage giving a solid

unwanted side product.
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A second approach investigated the reaction of BrMTTC in liciid ammonia at --30
and -40 C at various reaction times (Fig. 5). In all cases, decomposition

products were obtained.

A final approach investigated the reduction of the azido group to amine via
sodium borohydride (NaBHa) in the presence of a phase transfer catalyst,
hexydecyltiributyiphosphonium bromide (HTBPE), and toluene solvent (Ref. 24).
The reaction at ambient temperature resulted in recovery of the starting mate-

rial without any indication of azide reduction to amine (Fig. 5).

1-Iodomethyl1-3,5,7-Trinitro-1,3,5,7-Tetrazacyclooccane (IMNTC)

Synthesis of the novel precursor IMTTC was attempted via the approsch used in
the synthesis of BrMTTC by reacting 1l-acetoxymethyl-3,5,7-trinitro-1,3,5,7-
tetrazacyclooctane (AMTTIC) with an excess of acetyl iodide (Fig. 6). It was
believed that the iodo group would undergo a nucleophillic substitution reac-
tion more readily than BrMITC under the mild conditions needed to maintain
ring integrity (Fig. 3). The reactiion of AMITC with an excess of acetyl iodide
for 1 hour at 0 to 5 C gave a light yellow solid with the elemental anaiyses
shown in Fig. 6. These analyses implied approximately 90% iodc substitution,

thus indicating a longer reaction time was needed to obtain a quantitative

conversion,
PYROLYSIS OF HMX-RELATED COMPOUNDS

Pyrolysis decomposition studies of AZMTTC, as described below, indicated that
structural symmetry of HHMK derivativer must be maintained to achieve hign
melting or liquefaction temperatures and a mode of decomposition that would
result in comparable rates of C-N and N~-NO2 bond cleavage giving increased
energy release and generation of reactive gas-phase species. Thus, the studies
described above were conducted to provide compounds for further proof of this
hypothesis. However, because of the difficulties encountered during the
attempted preparations of there candidate compounds, DADN was the only com-

pound investigated other than AZMTTC.
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Pyrolysis of DADN

DADN has a melting point of 265 C and is synthesized in a one-pot operation
(Ref. 25). The high melting point is one example of the effect o7 atructural
symmetry upon HMK decrivetives. In addition, high heating ratc ducomrosition
studies of DADN demonstrated that tha compound decomposed simllariy to RKMX
with respect to covalent C-N and N_NOZ pond cledavage. Jahle 42 punmarizes
the gas-phase product distributions of HMX, AZMTTC, and DADN after pyrolysis
at 800 C under experimental conditions givea in the Experimentsal De*.1lz

gsection.

The gas phase product distribution of DADN (Table 42) implies both C-N (N,0
yield) and N_Noz INO yield) bond clecavage are occurring, although a measu;
uble cooling effect is present (higner N20 yield) probably due tuv the non-
energetic acetyl groups in place of nitro groups. 1In addition, the cooling

effect was indicated from DACN undergoing oply 70% pyrolysis.

Pyrolysis of AZMTTC

Pyrolysis decomposition data for AZMTTC showed that covalent C-N bond cleavage
was fhe predominant bond-breeking process occurring during AZMITC decomprsi-
tion with very littie N»NO2 cleavage occurring. This resulted in kigh N20
and CHZO yields and was found not to be conducive to increased burn rates.
During the decomposition of HMX at 800 C it was shown that both N—N02 (high
NO yields) and C-N (Nzo yields) bond cleavage occurred in 3 competitive man-
ner, which resulted in the product distribution shown in Table 42. 1In the
low-temperature (~300 C} decomposition of HMK (Table 3), C-N bond cleavege
was the predominant process resulting in high NZO and CHZO yields. 1t
could ke concluded then that eight-membered ring tetranitramine compounds that
gava high NZO and/or CHZO yields after pyrolysis at 800 C would be under-
going predominant C-N bond cleavage with little competing N-NO2 cleavage as
found with AZMTTC. It is believed that the lack of structurai symmetry is the

source of this decomposition mechanism.
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SECTION 5

COMBUSTION RATE STUDIES

HMX--BASED SYSTENMS

The effects of selected combustion modifiers were studied in two types of
polymer systems: (1) hydroxy-terminated polyester (R-18) plasticized with
TMETN, NG, TA, and TVOPA, and (2) hydroxy-terminated glycidyl azide polymer
(GAP) containing no plesticizer. The burning rate data are summarized in
Table 43 and the symbol (0) will be used to denote the burning rate at any

pressure with the modifiers present to the haseline burning rate.

Triaminoguanidine (TAG) Modifiers

Four compounds containing TAG were examined for burning rate modification:
TAGZT, TAGN, TAG+SAT, and TAGNAT. The most extensive series of experiments

were carried out with the TAGZT and the following matrix of ingredient combin-

ations were studied:

5 e 50/50: Class A/Class E

Oxidizer blends
i e All Class A

Plasticizer/Polymer = 2:1 and 1:1
Modifier Particle Sizes: 7y and 50y

Modifier Levels: 15 to 52.5 weight percent

The utilization of the 50/50 oxidizer blend was maintained as the initial
baseline. The augmentation levels for the 30% TAGZT (7u) system is given in
Fig. 7 and the effect of both TAGZT level and particie size in a R-18/TMETN
(1:1) system is illustrated in Fig. 8. The relative augmentation factors at
constant TAGZT level s&are¢ similar for TA (1:1), TMETN (1:1), and NG (2:1).
However, the TMETN (2:1) system gave a slightly reduced augmentation level.
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TABLE 43. BURN RATE DATA SUNNARY

BURN RATE, CM/SEL, Al THEORLTICAL FLANME
WLIGHT PERCENI AT PRESSURE, MPa TENPLRATUR
NLTRAMENI Al & 89 NP, ;
e CLASS A | CLASS ¢ ®ore/umpt | PLASTICIZELK T OTHER RY; 3.4% 6.89 10. 14 X 3
HMX 31 3.8 12.% 12.5 TRLIN 0157 [ 0.239 | 0.462 | 0.699 2496
30.0 0.0 12,8 12,5 THEIN 15.0 TAGZT (Iy) 0.277 | 0.452 | 0.678 | 0.8% 2126
2.5 22.4 122 12.5 INETH 30.0 (AGZT (1u) 0.495 | 0.769 | 1194 | 1819 Vi g
22,5 ?22.5 12.% 12,9 THETN 0.0 TAPZT (50u) 0.45/ | 0.59) | 0.940 | 1.168 11 :
h.? N3 12,9 12.5 TRETN 52.% TAGZT (50u) 0.5%9 | 0.7eb | 1080 ] 1.ane 1580
31,8 , M 0.1 16,3 THETN - 0.196 | 0.297 | 0.584 | 0.173 2141
EER 228 8.1 16.3 INLTH 0.0 TAGZT {1y) 0.495 [ 0802 | Vv 10 1,458 2020
3.5 3.5 12.5 12,5 1A 0.091 | 0.145 | g.252 | 0.340 180
22,8 22.% 12, 12,5 TA 30.0 TAGLT (1w} 0.292 | 0.490 | 0.660 | 0.826 1434
31,5 3. 8.1 16.7 NG 0.196 | 0.340 | 0.597 | 0.864 2951
2.5 225 8.3 6.7 NG 30.0 TAGZT (Tu) 0.613 [ 1.092 | 1.468 | 1.%62 2218
3.8 3.8 0.3 16.1 1VOPA - 0193 { o.ms | 0.972 | 0.85 27154
22.% 2.5 5.3 16,7 TVOrA 0.0 TAGZT (1) 0955 | 1.183 | 249 | 2.483 2081
15.0 12.5 12.5 THEIN . 0118 | 0.39¢ | 0.594 2498
40 - 12,5 12.5 THETN 30.0 TAGZT (Tw) 0.320 | 0.579 | 1,148 | 1,422 1111
20 208 12.% 12.5 THETN 30.0 TAG-SAT (1y) 0.098 | 0.373 [ 0.521 | 0 em 1601
60.0 12.% 12.5 METN 15.0 TAGN (4y) 0.216 | 0.368 | 0.665 | 0.965 2208
225 22.% 12.5 12.5 TMETN 30.0 TAGN (50u) 0.175 { o.m5 | 0.872 | 0.838 2085
12.8 12,5 TMETN 15.0 TAGN (50u) 0.279 | 0.419 ] 0.7y | 0.884 1570
28,1 281 12.5 12.5 THETR 10.8 DATH (13y) 0.183 | 0.292 | 0.52) | 0.149 2465
22.5 225 12,5 12.5 TMCTN 30.0 DATH (13} 0.236 | 0.404 { 072 | 0.978 2448
12.% 12.5 THEIN 75.0 DATH (13y) 0.38¢ | 0.813 | 1.453 | 2z.007 2382
25.0 25.0 12.% 12.5 THETN 25.0 AZMTTC (204) 0.140 | 0.5 | 0495 | 0742 2309
22.5 22.% 12.% 12.5 TKETN 30.0 AP (30u) 0.495 | 0.600 | 0.790 | 0.961 2812
10.0 12.% 12.5 TMETN 5.0 AP (1y) 0157 | 0.41) | 0.75¢ | 1.143 2548
22.5 22.%5 12,5 12.5 THETN 30.0 DAZT (25) . . 0.584 | 1.314 1756
205 22.% 12,5 12.5 TMETN 30.0 ANAT (25y) U.244 | 0.444 | 0.086 | 0.919 2044
22.% 22.% 12,5 12.5 TMETN 30.0 TAGNAT (204) 0.25¢ | 0.316 | 0.653 | 0.884 1968
22.% 22.5 12.5 12,9 THETN 30.0 HN (404) 0.208 | 0.452 | 0.704 | 0.940 un
215 2145 12.% 12:5 TMEIN 20.0 TMAAZ (30u) 0..041 | 0249 | 0.4 ) 0502 1619
10.0 30.0 2.5 12.5 TMETN 15.0 ABWE (154) 0.19v | 0.343 | o812 [ 02 2449
30.0 30.0 12.5 12.5 TMLIN 15.0 AMDTH (33y) 0.140 | 0.259 | 0.e4a | 0.597 2339
6.0 36.0 12.% 12,5 TMETN 3.0 LNy (12w 0.175 | 0.340 | 0.564 [ 0.754 2413
31 VI .3 12,1 TEMTN 4.0 CMP (11QUID) 0.168 | 0 292 | 0.574 | 0.899 2559
ROX 3.5 31 2.5 125 IMETN 0119 | 0.2 | o430 | 063 2502
0.0 0.0 12on 12.% THEIN 15 0 1AG/T (1w) 066 | 0460 | 066r | 0911 2130
20y FEI 17 n 12.5 TREIN 30.0 1AGZY (1) torg | omee | 1 oie | e 118!
3.y 1 w3 16,1 NG one L ovso | oo | o0 ges 2964
208 veh 8.3 V6.1 NG 30.0 TAGZT (1) .69 sy | s b ves 2243
60.0 (Y 125 INEIN 15.0 TAGN (4y) 0201 | 0.v8 | 0518 [ 0% 2295
225 20 12.% 12.5 1METN 30.0 TAG-5A1 (1y) 0766 | 009 [ owrr | ooorer 1605
1.0 34.0 17y 12.5 (MEIN 5.0 €U WS oo b oowe | osse | 088 2436
205 200 2.5 12.5 INLIN 30.0 DATH (134) 0006 | 038 | 0048 | 0.889 2452
15.0 12.% 12,5 (METN J 0 m_J 0146 | 036 | 0 %s9 2507
*DID ADT BURN
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Fine TAGZT (7p) is more effective than coarse TAGZT (50u), which sruggests
that diffusional effects and the rate of NH3 production are of primary
importance. Increasing the concentration of TAGZT increased the augmeataticn
level, which is in accordance with the concept of accelerated rate via the
cesction of amidogen (NHZ) cradicals reacting with the NO produced from the

HMX decomposition.

The correlation of burning rate at 6.89 MPa for the pure HMK and 30% TAGZT

systems is shown in Fig. 9. The burning rate can be expressed in the form:

r = Aexp (-—E/R‘I‘f)

+2-0 T ] i
A R-18/NF,
O GAP
1009 TAGZT B
130% TAGZT] ATV (2:1)
\\*\\
NG (2:1) .'~O~\\o ™ (1:1)
- 0 TM (21) \\\ —
gg O \\\\

™ (2:1) e
NS ™V (21) TA (i:1)

-1.0 ™ (1:1) -

TA (1:1)
INO TAGZT]|

3.0 4.0 5.0 6.0 7.0
1/T X 104 (°K-1)

Figure 9. Burrn Rate Correlation for Pure HMX
and TAGZT Substituted Systems
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The two curveg in Fig. 9 hsve very similar ulopes and all the plasticizer in
the inert R-18 binder fall on the curves with the exception of the difluoroa-
mino (—NFz) plasticizer TVOPA. Propellants containing TVOPA wers prepared

to "check” the postulated sugmentation mechaniem:

NO + NH, » N, + H,0 + Q,

This equation is a global summary of the key sceps in a very complex rsaction.
The incorporotion of TVOPA will result in the formation of NFZ- radicals,

which then can interact with the amidozen radical via the equation:

NF2° + NH2° d N2 + ZHF + (')2
Again, this is a global summary of several reactionz. Howeve.r, it is expected
that the NF2~radica1 will react more rapidly with NO than the Nﬂz—radical.
No data could te found on this reaction, but the kinetics of NF_¢ reac-

2

tions with otler materials, such as H2 and CXHy compounds, 1is known to

be considerably faster than the comparable NO reaction.

The NG- snd TVOPA-based propellants with no TAGZT present have virtually the
same burning rate. However, the 30% TAGZT system containing TVOPA burns con-
siderably faster than the NG analog.

Although the heat release from the NO system (Ql) is 60 kcel lower than the
heat release (Qz) from the NF2 system, the actual concentrations of reac-
tive species is virtually the same. Only 1.2% additional heat caen be generated
based upon the stoickiometric equations. In fact, the overall theoreticel
flame temperature of the TVOPA systemh is 91% of the NG system {due to other

overall product distributions).

The stoichiometry is based upon the percent of NO generated from the HMX
decomposition experiments and the percent of NH3 generated from the TAGZT
decomposition experiments. This is coupled to an assumed NQ production level

from AG decomposition and NF_ production level from TVOPA decomposition.

2

70




Both plasticizers contribute very little in terms of reactive species (concen-
tration wise). The main point to be made 1is that the (NF2- + NHZ-)
reaction is kinetically faster and initiutes a further series of reactions
which lead to the higher burning rates. In 2ffect, TVOPA could be considered

as a "pseudocatalyst."”

Utilization of TAG+*5AT resulted in considerably lcwer augmentation ratios
than the TAGZT systems. This phenomena is believed to be related to the decom-

position mode previously discussed in the Decomposition Experiments section.

Both TAGN and TAGNAT yielded augmentation rates lower than TAGZT and both
materials contain oxygen. The presence of oxygen reduces the amount of NH3
formed for diffusional interaction. However, other investigations and past
experience with TAGN suggest that a "mismatching” of TAGN and HMX particle
sizes may be a very critical factor. A 70% augmentation was obtained at the
15% TAGN (4u) level when only Class A-HMX was emploved. Additional experi-

ments would be required to 2xplain tlis apparently very complex mechanism.

Ammonium and Hydrazine Modifiers

The ammonium salt analogs of TAGZT(DAZT) and TAGNAT(ANAT) were investigated at
the 30% addition level. The DAZT system yielded a 26% increese in the burning
rate, while the ANAT exhibited a 48% improvement.

The DAZT system is very puzzling in its btehavior. Combustion could not be
sustained below 5.2 MPsa and an exponent greater than 2 was observed above this

pressure. Reasonable levels of NH3 were observed in the decomposition exper

iments, but ¢« large quantity of N (26%) also was observed. The N_H

2“4 24
persisted in the decompositicn experiments when the mixed HMX-DAZT system was
studied. This suggests that N2H4 is not as desirable as NH3 for rate
acceleration. One propeliant contairing 30% hydrazine nitrate (HN) showed a
52% increase in rate, which slightly conrfuses the issue. However, the HN was

not nearly as effective as TAGZT.
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The increase in burning rate observed for the ANAT system may be more a result
of the fast burning rate of pure ANAT (Ref. 26). The decomposition experi-

ments indicated that no NH3 was produced and a trece amount of NZHd was

formed.

Finally, two propellants containing AP were examined. Substitution of 30% AP
(30u) sugmented the rate by 71% at 6.89 MPa, and substitution of 5% AP
(lu) augmented the rate by 63% at 6.89 MPa. AP produced both NH3 and
HCloa upon decompogition and the high level of augmentation for such a small

quantity of material again suggests an extremely complex mechanism.

Azido Modifiers

Five compounds containing azido groups were investigated as potential modi-
fiers: (1) AMDTH, a cyclic azido nitramine with adjacent methyl groups in the
ring, (2) AZMTTC, the azido-substituted HMX, (3) DATH, a linear diazido nitra-

mine, (4) TMAAZ, a azido tetramethyl ammonium salt, and (5) lithium azide.

In general, the azido compounds were not effective in augmenting the burn
rate. However, the linear azido nitramine DATH is known to be a fast-burning
ingredient by itself. The previous discussion has indicated some insight into
the reasons for this behavior. The propellant in which DATH completely
replaced HMK exhibited a 214% increase in rate. However, substitution of only
30% DATH resulted in only a 56% improvement in rate, which indicates little,
if any, decomposition product interaction. This correlates with the decomposi-

tion studies discussed in the Pyrolysis of HMX-DATH Mixture section.

The propellant containing 18.8% "coprecipitated" DATH yielded a 13% increase
in opurn rate. The DATH and HMK were in more intimate contact in this experi-
ment but this appears to have had little effect on the rate. Therefore, it is
concluded that the DATH increases the rate primarily by an "additive'” method

rether than an interactior mechanism.
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Azidc (GAP) System

Pure glycidyl azide polymer (GAP) has a unique high-burning rate. Therefore, a
series of experiments were carried out to compare the effects of TAGZT on HMX

in GAP systems. The data are summarized in Table 44 and illustrated in Fig. 10.

On Contract F04611-82-C-0043 with AFRPL, the type of isocyanate has been found
to profoundly change the burning rate cf GAP gumstocks, which lead to carrying
out each experiment with both HMDI and N-100 curing agents. Incorporation of
35 and 75% (590:50 Class A/E-HMX) reduced the burning rate of the GAP systems.
Figure 10 illustrates the data only for the HMDI system but, suprisingly, vir-
tually no difference in burning rate is observed with HMX content. The incor
poration of 30% TAGZT (7p) augmented the rate at 6.89 MPa by 50%, which is
considerably lower than any of the R-18-based system. The absolute burning
rate is comparable fo the R-18 systems despite the implicit higher rate of GAP
itself. Figures 9 and 10 show the comparative effects of R-18 and GAP--type

systems, respectively.

TABLE 44. BURNING RATE OF GAP BASED SYSTEMS

BURN RATE. (M 0o AT ik, Y T
e WEIGH! PERCENT ) iy S
qu(n)[ HMXCE)Y] GAP/NCD 1vpt OTHER I N ] 14 I" vy l i j .
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BURN RATE, CM/SEC

7 O 75 HMX/25 GAP

8§ 35 HMX/685 GAP

0.2 - @ 100 GAP

46 HMX/30 TAGZT/25 GAP

0.1 L ] i [
1.72 3.45 6.89 10.34

PRESSURE, MPes

Figure 10. Burning Rete of GAP Systems (HMDI Curative)

Other Modifiers

Incorporation of 3% LiN_, increased the burning rate at 6.89 MPa by 22%. A

3
larger increagse might have been predicted based on the decomposition experi-
ments, but flame-zone intereactions may physically separate the reactive inter-
mediates and larger quantitics of _ENS would result in several other prob-

lems in terms of a practical propellent.
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The utilization of CMP at the 4% Jlevel yielded a small increase in burning
rate but nothing comparable to the results obtained in AP basod systems. Fifer
and Cole (Ref. 27) found that B-H compounds appear to be effective in acceler-

atiug nitramine burning rates, but the current recrults are not as encouraging.
Reports in Soviet literature (Ref. 28) indicate that the azo ( M=N )-type

nitremines are extremely rapid burning compounds. One propellant containiag

15% ABNF yielded an increase of 24% in the rate that was equivalent to the 30%
TAGN-substituted system.

RDX--BASED SYSTEMS

A selected number of propellants containing RDX were investigated to obtain

comparative data, which is summarized in Table 43.

Triaminoguenidine (TAG) Modifiers

Comparative data was obtained for the three salts TAGZT, TAG*SAT, and TAGN.
Figure 11 illustrates that TAGZT is more effective with RDX at low pregsure,
but similar augmentation rates are obtained with HMX at high pressure (>6.89
MPa). Figure 12 is a comparison of the retios (§) of the augmentaticon rates
of RDX and HMX. In general, most modifiers are more effective with RDX at low
pressures. Both TAGZT and TAG<5AT decompose at a temperature more closely
matched to RDX than HMX ({(Structural Modification section), which suggests s
closer matching of chemical reaction induction times. Additionally, TAGN
should interact more effectively with RDX than HMX for the same reason even

though no experimental data were obtained during the current work
Other M-difiers

The azido-Werner complex [CU(NHB)Z("S)Z) was investigated at the 5%
level and a 29% augwmentation was obtained. The compound is extremely diffi
cult to handle (Decomposition Experiments section) and only thc one experiment

was carried out due to itc sensitivity.
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AUGMENTATION RATIO
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Figure 11. Comparison of RDX and HMX with 30%
TAC-Type Additives (7u)
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One experiment was carried out with tkea diezido linear nitramine (DATH) and

sugmentation ates similar to HMXK were obsevved.
FLAME ZONE PHENOMENA

The experimental evidence indicates that the incorporation of ammonium genera-
tors (especiully TAGZT) is the primary factor in achieving gocd augmentation
cates. A physical interpretation of this phenomenon is based on the Fey reac-

tion (NH2 + NO -+ N2 + H20). although the actual process is extremely

more complicated.

The recent work of Kubota (Ref. 29) has shown that the combustion of HMX-based
propellants ylelds three gas-phase zones and that the reaction of NO may be
the limiting step. This ezperimental evidence lends credence to the concept

of accelerated rates via the interaction of amidogen (NHZ) radials with NO.

The generation of NH2 from NH3 is an extremely complex process that is

highly dependent on the concentration of several other species (Ref. 8, 11,
and 29 through 32). 1t is apparent that the NH2 + NO reaction is favored in
a specific temperature region and is highly concentration dependent. Figure 13

is a schematic representation of the "favored" temperature region.
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z
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<
Z
™
o]
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0 } _L ] ' 1
1.0 11 1.2 1.3 14 1.6 16

Tx 103 K

Figure 13. NO Reaction Parameters
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The "migmatching'" of HMX/RDX and NH3_generator particle sizes appears to be
the most important factor in accelerating the rate. However, the generation
of the proper concentration of NH3 at the proper temperature might be almost
ag important. Each NHB—genetating ingredient will yield a different amount
of liberated heat and materials such as TAGN are capable of "self-consumption"

since they are oxygen-containing materials versus TAGZT and TAGe*5AT.

Utilization of very small particles of the TAG salts resultz in a more com-
plete "encircling" of the nitramine particle, which will result in better dif-

fusional mixing of the reactive gases.

The experiments described in the triaminoguanidine (TAG) modifiers section,
which utilized TVOPA (NFZ- generator), play an influential role in "vali-

dating” the flame zone concepts with regard to the catalysis via amidogen

radicals.
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SECTION 6

PRESENTATIONS AND PUBLICATIONS

Summarieg of the program were preasented at the Annual AFOSR Contractors
Meoetings, March 1982, 1983, and 1984, Lancaster, CA

Presentations were given at the 19th end 20th JANNAF Combustion Meetings
(Greeribelt, MDD, October 1982 and Monterey, CA, October 1983)

A presentation was given st the AFRPL Nitramine Workshop, August 1982,

Lancaster, CA

Frankel, M.B. and D.0. Woolery, J. of Org. Chem., Vol. 48, Pg. 611 (1983)

80



w

O 0 N O

10.

11.
1¢.

13.
14.

16.
17.

19.

21.
22.
23.
24,

REFERENCES

Brill, T.B. and R.J. Karpowicz: J. Phys. Chem., 86, 4260 (1982).
Goshgarian, B.B., et al.: "Initial Thermochemical Decomposition Mechan-
isms nf Energetic Ingredients: Deuterium Isotope Effects and Ysothermal
Reaction Studies," Chemical Rocket Research Meeting, Lancaster, CA, 1983.
Miles, M.H., et al.: Propellants, Explos. Pyrotech., 7, 100-106, (1982).
Axworthy, A.E., et al.: AFATL-TR-80-58, May 1980.

gg2 Laser Radiation Induced Decomposition of Propellant Ingredients,

Hercules, Inc., Contract F04611-81-C-0005, July 1981.

Shaw, R.A. and F.E. Walker: J. Phys. Chem., 81, 2672 (1977).
Cornu, A.J.: Compilation of Mags Spectral Dates, Vol. 1, 1975.

Miller, J.A., et al.: Comb and Flame, 43, 81 (1981).
Baulch, D.L., et al.: Evaluated Kinetic Data for High-Tempecature Reac-

tiong, Vol. 3, 1976.
Kirk, R.E. and D.F. Othmer, Encyclopedia of Chemical Technology, Vol. 9,

1952,
Branch, M.C., et al.: Comb. Sci. and Tech., Vol. 29, 147 (1982).

Prount, E.G. and V.C. Liddiard: J. Inorg. Nucl. Chem., 35, 2183-2193

(1973).
Walker, R.F.: J. Phys. Chem. Solids, 29, 985-1000 (1968).
Brill, T.B., et al.: "The Role of Solid-Phase Phenomena in Nitramine

Properties and Decomposition,"” AFOSR/AFRPL Chemical Rocket Research

Meeting, March 1983.
Bachmenn, W., et el.: J. Amer. Chem. Soc., 73, 2769 (1951).

Bachmunr, W. and E.L. Jenner: J. Amer. Chem. Soc., 73 2773 (1951).

B.11, J.A. and I. Dunstan: J. Chem. Soc. (C), 862-869 (1969).

Dunning, K.W and W.J. Dunning: J. Chem. Soc., 2925 (1950).

Frankel, M.B, u:d D.O. Woolery: J. Org. Chem., 48, 611 (1983).

Hammond, G.S., et al.: Tetrahedron, Vol. 1%, Suppl. 1, 177-195 (1963).
Wommack, J.B., sud D.E. Pearson: J. Chem. Soc., 1307 (1940).

Marquet, A. and J. Jacques: Bull. Soc. Chem., France, 90 (1962).
Awang, D.V.¢ and Saul Wolfe: Ceanadian J. Chem.. 47, 706 (1969).

Rolla, F.: J. Org. Chem., &7 4327-4329 (1982)}.

81



25.
26.

27.

28.
29.

30.

31.

32.

Sick, V.I., et al.: Propellents snd Explosives," 6, 67-73 (1981).

Smith, J.0., et al.: Paper presented at the 1981 JANNAF Propulsion
Meeting, New Orleans, LA, May 1941.

Fifer, R.A. and J.E. Cole: 16th JANNAF Combustion Meeting, Monterey,
CA, Vol., I, 377-398, September 1979.

Fogel'zang, A.E., et al.: Fiz. Goren. Vzryve, 12, 827 (1976).

Kubota, N.: "Physiochemicel Processes of HMX Propellant Combustion,"
19th Symposium (International) on Combugtion, 777-784, (1982).

Anderson, P., et al.: "Direct Investigation of the NH2+N0 Reaction by
Laser Photolysis at Different Temperatures,”" 19th Symposium {(Inter-
national) on Combustion, 11-22, (1982).

Dean, A.M., et al.: "Kinetics and Mechanism of NH3 Oxidation,” 19th
Symposium (International) on Combustion, 97-105, (1982).

Mazio, L.J. and J.K. Arand: 'Gas Phase Decomposition of Nitric Oxide in
Combustion Products,"” 16th Symposium (International) on Combustion,

199-208, (1976).

82

e et e s et R AT A B T i 1t 4




ABNF
AFRPL
AEMTTC
AMDTH
AMMTTC
AMTTC
ANAT
AZMTTIC
BRMTTC
CcMP
CUWS
DADN
DATH
DAZT
DMF
DMSO
DNATTC
DNBTTC
DPT
DSC

IMTTC
N-100
NG
RDX
R-18
TA
TAG

GLOSSARY

azobisnitroformamidine

Air Force Rocket Propulsion Laboratory
1-(azidoethoxy)methyl-3,5,7-trinitro~1,3,5,7-tetrazacyclooctane
l-ezidomethyl-3,6-dinitro-1,2,6-triazacycloheptane
l-aminomethyl-3,5,7-trinitre-1,3,5,7-tetrazecyclooctane
l-acetoxymethyl-3,5,7-trinitro~1,3,5,7-tetrazacyclooctane
ammonium 5-nitraminotetrazole
l1-azidomethyl-3,5,7~-trinitro-1,3,5,7-tetrazacyclooctane
1-bromomethyl-3,5,7-trinitro-1,3,5,7-tetrazacyclooctane
carboranyl-methyl propionate

copper ammonium azide Werner complex
1,5~-dinitro-3,7-diacetyl-1,3,5,7-tetrazacyclooctane
1,7-diazido-2,4,6-trinitrazaheptane

diammonium azobitetrazole

dimethylformamide

dimethylsulfoxide
1,5-dinitro-3,7-azidoacetyl-1,3,5,7-tetrazacyclooctane
1,5-dinitro-3,7-dibromcacetyl-1,3,5,7-tetrazacyclooctane
1,5-methylene-3,7-dinitro-1,3,5,7-tetrazacyclooctane
differential scanning calorimetry

glycidyl azide polymer
1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane
hexamethylencdiisocyanate

Hydrazine Nitrate
1-iodomethyl-3,5,7-trinitro-1,3,5,7-tetrazacyclooctane
polyfunctional isocyanate

nitroglycerin

1,3,5-trinitro-1,3,5-triazacyclohexane
hydroxy-terminated polyester

triacetin

triaminoguanidine
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TAGN
TAG*5AT
TAGNAT
TAGZT
TMAAZ
TMETN
TNTTC
TVOPA

w/o

trieminoguanidinium nitrate
triaminoguanidinium-5S-aminotecrazole
bis-triaminoguanidinium 5-nitreminotetrazole
bis-triaminoguanidium azobitetrazole

tetramethylammonium azide

trimethylolethylethane trinitrate
1-trinitroethyl-3,5,7~-trinitro-1,3,5,7-tetrazacyclooctene
1,2,3-tris [a,B-bigs(difluoramino)athoxy] propane

weight percent
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